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STRACT

The monograph correlates results of many years work of various
Scientific Research Ipstitutes of the Seviet Union, in particular of the
Physioe-mechanical Institute of the Academy of Sciences of the Uszbek S5R,
as well as of these in other countries, in the sphere of metheds and
apparatus development for the geophysical serial electric prospecting of
useful minerals. It preasents as estimate of the primery electromagnetic
fields. Gives analysis of interferences of varigus origing, affecting the
receiving-measuring channel. Discusses electric eompensation methods of
the primary field signal, etc.

It is meant for specialists of genersl and geephysical instruments
engineering and geophysical electric prespecting. It should alsc be useful

for students of corresponding trades.

Ch. Editor B.I. Blaszhkevitch

Dr. of Techn.Sciences,
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FOREWORTE

In the general complex of geophysical investigatioms, both in USSR
and in other countries, the importance of serial geophysical prospecting
progressively increases.

At present the following methods are being applied in the aerial
geophysical prospecting: phetosurveying, magnetic preapecting, gamma-ray
and gravity surveys and electric prospscting (6, 9, 26, 27, 51, 103, 142, 158,
240). Each one of the indicated methods has its own characteristics and
limits of application. Magnetic prespecting and gamma-ray survey could be
rated as the most highly.daveloped method, gravity survey as the least.
During the last decade electric prospecting has become widely sdepted in
airborne geophysical investigationa,

The aerisl geophysical investigations were initislly conducted in
Soviet Union in 1939 by A.A. Legatchev and A.T, Mainborod, whe used
ssgnetmeters~ in sxperimenting during a flight (26). In 1939 the All Unien
Geolegical Institute (VSEGEI) has founded the first seromagnetic party
in the werld.

In other countries the airborne geophysical investigations have begun
considerably later. Specially in USA this type of investigations were not
conducted until 1946.

Aerial geophysical prospecting has the advantages of iow‘cost, hisgh
speed of eperations, pessibility of investigating roadless areas as well
as inaccessible areas ground-work and contipuity and objectivity of
measuring results. The shortcomings e¢f these methods are complexiiy of
eperations in high mountsin cond;tions aﬁd difficulty of herizontal alignment

in t hess localities,



The initial development of serial eleciric prospecting was begun only
in the fiftees. The idea of creating this type of metheds for prospecting
was nascent as far back as the thirties-forties (168, 202, 203). However,
the realizstion was hampered by non-aveilability, at that times, of high-
response noiseproof measuring apparatus, capable of operating in flying
conditions.

The first practical attempt to switch over from ground electric
prospecting to airborne was undertsken in 1946 in Canada by "Lundberg
Exploration Ce." Inveastigations on a small scale were carried out by means
of generating and receiving apperatus, but the results ebtained were found
to be inconclusive.

The most successful, apparently, was the apparatus of anether Canadian
firm "Internation Nickel Co." With the use of this firm's epparatus a
discovery was made in 1950 of messive sulphides deposit in New Brunswick
(Canada) . Then in 1955 eppeared the apparatus of the swedish firm "ABEM",
the apparatue of "American metal and Co.", two—frequency apparatus of the
Cansdian firm "Aeromagnetic Service Ltd., Torento" and eothers. The indicated
apparatus was eperated, as a rule, by the induction method with the use of
narmonic fields (6, 158, 258, 263, 267).

The typical features of the first developments outside .. USSR were
their advertisement and "secrecy". Each firm or company advertised its ewn
version of aeroelectric prospecting, without any seriocus snalysiaz of its
realistic pessibilities, Recently the curtsin of secrecy has been to secme
extent lifted (166, 167, 211. 254, 263), but net enough for an exact concept
of principles in design of the apparatus, ner of the metho&a aprlied for
interpretation of obtained resulta.

In the Soviet Union the aerial electric prospecting is developing
systematically. It's scientific fundamentaels and industrial applicatiens

are coordinated by the Ministry of Ggeology of USSR snd Acedemy of Sciences



of USSR.

Scientific organisations of the Institute of Earth's physica (1¥'4) of the
Academy of Sciences of USSR, Foscow State University (MGU), 411 Union
Scientific Research Institute of hethods snd Technigue of Geophysical pros—
pecting (VITR) of the Ministry of Geology of USSR, All Union Scientific
Research Institute of Prospecting Geophysics (VIRG) of the Ministry of
Geology of USSR and others, are resolving theoretical questions and problems
of interpretation, snd substantiating spheres of application and the possibility
of applying airborne electric prospecting for geological mapping and
exploration of useful minerals.

The co-workers association of the Physico-Hechanical Institute of the
Science Academy of Uzbek 3SR (formerly Institute of Hechanical sngineering
and Automatics of the Academy of Bciences of Uzbek SSR) is actively partici~
pating in the development of apparatus for serial electric prospecting. As a
result of extensive scientific research, many important questions relating to
the methods and technique of electric prospecting have been resolved. Principles
have been laid down for designing,generating and measuring apparatus for certesir
methods,which have found application in the national geophysical practice,

The first method-testing aerial electric prospecting in USSR was
conducted in 1957-59 in the area of lisidan-Villa r.st. of Shepetovsky District
in Khmelnitsky region of Uzbek 5SR. The tests were conducted by two methods -
method of infinitely long cable (BDK) and method of induction (plane version
with an out-boerd gondola) (89, 102, 103, 105, 123, 132). Using experience
of the testing and production work of aerial electro-prospecting apparatus,many
organisations Began intensive development of known ard new versions of the
indicated methods. Thus, VITR has developed a version of induction method
with the use of revolving magnetic field (VHP), Institute of sutomatics and
electrometry of the icademy of Sciences of USSK has suggested a method of

aerial electro-prospecting with the use of the natural magnetic field of



Earth*, stc.

In the development ef various systems ef apparastus for airborne electric
prospecting primary consideration was paid to experience accumulated, a8 a
rule, in smwall organizations. As a result many methods werse suggeéted with
various technical indices and sets of apparatus with many types ef |
characteristics (canpetence of generating unit, response of receiving unit,
working frequencies, atc.).

At present the number of methods for airborne electric prospecting
bes attained several sceres. It should be mentioned,thet the inducticn
method has the highest rate of develepment (63, 66, 67, 117, 181, 234, 263).

In the nationsl develepment of aerial electre-prespecting, the werk
of Western Khazakstan and Novesibirsky geephysical combines is of high
theoretical and practicel value.

During the last few years meny scientific works have begun ciassifing
the results of aerogeophysical survey (41, 42, 63, 66, 69, 117, 216).

Attempts were made to determine application limits ef aerial electre-prespecting.
specify problems resclvable by its means and te analyse the pesasibility of
combining it with ether aerogesphysical methods. Some majer preblems regarding
data interpretatien have been resolved. Hewever, none of these works pay

enough attentien te the principles of instrument engineering, typical

requirements of devices in flying conditions and many other problems.

*The samé institute has develeped and produced a set of devices for BIK
sethed (method of infinitely long cable), different from these produced in

Uzbek SSR end Ministry of geolegy of USSR (105, 118).



The number of problems resclvable by airborne electric prespecting
continueusly increasea. Therefore it has become necessary to correlate
the main dete, relating to technicel fundaementals of airberne electric
prespecting generally and airborne electric prespecting with harmonic field
in particular. The aims of the presented monesgraph is to systematiae the
technical fundamentals ef the method with harmornic field.

The authors are sincerely grateful to Dr. B.I1., Blaszhkevitch for his
valuable advice in the preparation of manuscript.

Any critical remarks and suzgesiions should be sent te the follewing

address: L'vov, ul.Mauchnais, 5, Fiziko-~mekhanichegki institut AN Usbek SSR.



FART ONE
PHYSICAL FUNDAMENTALS OF AIRBORNE ELECTRIC
PROSPECTING WITH HARMONIC FIELD.
Chept. I - CLASSIFICATION AND GENERAL CHARACTERISTICS OF METHODS AFPLIED
IN AIRBORNE ELECTRIC PROSPECTING.
1. Problems of airberne electric prospecting.

Experience has proved the effectivity and economical expediency of
this method, specially in inaccessible locality. It is being successfully
applied in detecting and tracing of sulphide ore, electric mapping of large
areas, the gearch of fresh water, problems of applied geelogzy, etc. (163, 166,
170, 190, 201, 202, 209, 263).

Seme &3 all the other geophysical methods of prespecting for useful
minerals, airborne electric prompecting finds & wide range of application in
combination with other aersgeephysical and ground methods of expleratien (26,
166, 169, 184, 202). In some cases if nay resolve indpendent problems, in
ethers it gives the bssic or suxilisry information in the interpretation of
field material (6, 8, 190). But sometimes its application may be feund
altogether irrational (51, 202).

Diversity of problems facing airberne electric prespecting, variability
of geological and physicael conditiens, in which it may be used as a form of
aerial zeophysical exploratien, require different means for the study of
messurable parameters, methods of interpretstion and, moreover, assume
existence of several slready worked out methods of airborne electric
pregpecting.

For a resolutien of & certain ﬁroblem the choice of method for
airberne electric preapecting is predetermined by twe mein criteria. The
first is connected with physical properties and dimensions of the typicael

conductive body, which is being sought, the second - with geological



conditions, topography or with chemical and physical features of the
exploratien area. Effectivity of airborne electric prespecting is
determined also by rational selection of method for aerial investigatiens
and correct interpr&ation of obtained results.

From reconnaimsance and mapping to detailed expleration from the air
of limited areas in the search for purely ore objects - is the range of
problems resolvable by airborne electric prespecting. However for concrete
geological conditions the number of these problems is; of course, limited
and is subject for epecial investigations.

Unfortunately upto now, questions regarding development of concrete
and specific problems, reselveble by airborne electiic prespecting
independently or in combination with other geophysical methods have not as
yet been clearly formulated and are not elucidated, neither by specisl
literature, nor by any text books, which limitas to a certain extent its
application.

Concretisation of problems, resolvable by airborne electric
progpecting is at present of approximate nsture. In spite of the considerable
scepe of werk, carried out in variocus geological cenditions, the ebtained
data are interpreted mainly qusalitétively. Heowever this gap will be filled up
vwith accumulatien of experimental material and resolution of & nuwber ef
theoretical proeblems a&nd questions of mechanical interpretation of survey
results.

Before characterising the range of problems, resolvable by sirborne
electriclprospecting. let's point out the main advamtages of utilizing
variable electremagnetic fields in geophysics.

1. Mpre complete resolution of inverse geephysical problem, i.e, discrete

determination of the physical properties of the source of anomaly and its



geometrical parameters (in airborne electric prospecting development of
these queations is atill in the initial stnge).

2. Amplitude-phase measuring of electromagnetic fields in a wide

rhuge of frequencies with the aim of clessifying geophysical anomalies of ore
and rock products (this advantage is widely applied in practice).

" Application of frequency characteristice is mest important in compesite
‘geological-geophysical conditions in the presence of highly conductive cover
of varisble thickness and else nen-uniform enclesing rocks (it is precisely
because of this, that multifrequency detailed survey on anomalous sections,
detected during explorations, is censidered to be a necessary stage of field
work) .

3., Pessidbility of exploring certain types of ore, lacking the
continuous galvanic condictivity.

The main dissdventeges of using variable electromagnetic fields in
geophysics include discovery side-by-side with highly conductive ore,
anomalies of large quantities of rock products; comparative complexity of
fields, which hampers theoretical calculations in resolving inverse
geophysical problems; appearance of distorting effort of surface non-
uniformities with increasing frequency of the field.

A¢ present the varisble current electric prospecting utilizea electro-
megnetic fields with frequency frem tens cycles per second te hundreds eof
kilecycles. Low frequency airberne electric prospecting of objects with very
high electric conductivity has certain advantages overthe high frequency
one. The most important of these is the considerable depth of investigations,
i,e. the pessibility of detecting deep-seated conductive bedies. The high
frequency airborne electric prospecting is worth while on objects of
comparatively high resistance, It should be peinted out, that both the

sdvantages and dissdvantages of using varisble magnetic fields in airbesme
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electric prospecting become more perceptible with higher freguency of
electromasgnetic oscillations. |

Varieus versions of devices for airham? electric preapecting by method
of inductien with one e¢r two airborne sppsratus have become quite popular.
Conditions, in which eddy currents are generated in conductive body under
the effect of primary field, built-up by the generator frame, depend in this
method on relationship between the generator frame and the deep-seated
conductive body. .. .5

It is s kmown fact (180), that with herizontal position of generator
freme the meximum bond exists in the case, when the conductive body (bed) is &
alse eccuring horizentaly eor at s flat slant in relation to herizon. But
with the vertical generator freme beximum bend exists with a body bedded at
depth in & vertical plene, and specially, when the plane of the vertical
generator frame is parallel to the plane or the strike of this body.

Therefore, depending on the problem of expleration it is possible to
apply different versions of aeroinduction with the use of vertifal end
horizontal generator fremes. Thus, in the search for sulphides, specially
in the aress of Pre-Cambrien Shield, it should be kept in view, that an
overwhelming majerity of massive sulphides occur vertically. In this case
generator frame, mounted in vertical plane, will have & maximum bond with
the conductive object. It means, that the serigl method for prespecting
should have & vertical set up (horizontal direction of magnetic sement) &f
the generator frame, etc.

In the opinion of majority of suthors (7, 203, 209), the inductien
nethod could be more expediently used in reselving problems of geclogical
mapping and reconoitring expleration of areas with pessible minerslization,
since very effen these are the areas with wide anemalies of considerably
greater megnitude than the ore areas, which are . invaeriably connected with

massives of recks, ferming large structural shapes, Problems of geolegical



mapping are related to the problem of discovering areas, where it is
possible to apply other aerogeo-physical method snd to carry out ground
explorations of one or another type of useful minerals.

Similsr probdlems could be more or less reaclved by aerial method of
. infinitely long cable {BDK) and of rediokip. Per instance, airborne
electric prospecting by BDK method has greater mapping posgsibilities than
the induction methed. This may be explained primarily by the pessibility of
coﬁducting small scele survey at comparatively low altitute of flight and by
the nature ef the field, formed by the land group. The edvantages or BDK
method increase considerably with the use of helicopters in the search for
ore deposits in extremely rugsged region. Application of helicopter versions
of sirborne induction method is limited by'the dependence of survey results
(specially with amplitude determinations) on the altitude of helicepter's
flight in thege conditions,

The serial radicactive method of préspecting should be used combined
with other airborne geophysical methods for exploration of useful minerals.
Physical and technical prerequisites of suitable conditions for airborne
electric prospecting by radicactive method are assumed to be the following
(202, 204): sufficiently high difference in electric conductivity of the
sought for geological object and enclosing rocks; uniformity and constant
thickneas of overburden and its high resistivity; non-presence on working
profiles of eleciric transmission or communigation lines, pipe~lines,
railway lines and other man-made conductors.

It follows then, that asirborne electric prespecting by radioactive
nethod could be used in resolving pfoblems of zeological mapping, detecting
zones of teconic dislocations and, sometimes, in suitable conditions, for
exploring and tracing of sulphide cre bodies. Successful application of this
ﬁethod is also possible in resolving problems of applied geology and hydre-

geoclogy.
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Such is the general outline of the range of problems, wWhich are being
resclved at present by mesna of airborne electric prospecting. Undoubtedly,
in time the limits of its application will widen. Its methods will become
more perfect and will assure effective resolution, both of general and
concrete geophysical problems.

2. Classification of methods.

Geophysical investigations are divided into surface, subsurface and
serial. A place of importance among the latter is teken by aerial electric
prospecting, development rate of which has considerably incressed during the
last 10~15 years. During this time considerable number of methods and
their modifications for this type of prespeciingz have heen developed, sometimes
go aimilsar in their physical principles and prectical application, that 1t
is difficult to Belect operative methods either for the resolution of general,
eor specific problems of geophysical investigationas.

Clasaificatien of geophysicel investigation methods, which from a common
theoretical point of view present a picture of the present state of airborne
electric prospecting as & whole, will make it possible te determine ways for
development snd improvement of the methods themaelves, as well as of the
schemes of installations and apparatus feor their prectical implementation.

To resolve fhis problem N.I. Kalashnikov and S.K. Kuzovkin have based
clessification of the modern methods of geophysical investigations en the
following distinctive criteria¥

1. Type of the applied sources of electromagnetic field.

2. Time and nature of the radiasted electromagnetic field.

3. Interpretation methods of the survey's results.

4. Technique of survey (geemetry of installation, i.e. disposition

* See book "Geophysical apparatus, 33. "Nedra", Leningrad, 1967.
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system of the sources and receivers of the field; excitation methods of the

primary field sources and the methods for investigating variations ef this

field, etc.

On basis of the firat classification sign methods af the airborne

electric prospecting could be divided into two large groups: methods using

artificial electramaénetic field, and methods using the natural electro-

magnetic field{fig.1).
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Ip construction -of apparatus, development of methods snd technique for
interpretation of survey results the significance is of the second classification
sign. Nature of the radiated electromasnetic field specifies, on one hand,
construction of the generating and receiving devipes of the first group of
methods, and on the other - determines methods for measuring parameters of this
field and specifies a number of characteristic features for the conduct of
survey and interpretetion of its results, as well as for plotting‘schemes
of apparatus for one or another method of airborne electric prospecting.

From the time nature of the radiated electromsgnetic fields practically
all methods of the first group (with artificial électromagnetic fields) could de
reduced to two subgroups: 1) methods using harmonic field; 2) methods using
nonmharmonic electromagnetic field. It is logicel, that in the group of
methods with netural fields there is only one subgroup with non-harmonic fields,
which, as we know, are built-up by far away thundératorns.

In defining the third classification sisn, it should be mentioned, that
all the methods of sirborne electric prospecting are based on the properties
of only the variable electromagnetic field. These properties for normel and
enomalous fields, used in the airborne electric prospecting, are analysed
theoretically in three zones; near, combined and remote.* Accordingly the
methods suggested are in principle distinct from each other in theorstical
premises, as well as in the interpretation methoda of survey results; inductien
method, which uses nearest zone to emitter of hsrmonic field; radio method
using the furthest zone; method of combined zone - sirborne elescirie prospecting

by BIK method,

WEING )
*The zone, wherq?i:ngth of electromagnetic waire },is considerably greater
than distance r between the emitter and receiver of electromagnetic field, is
dencted as the near, zone with 2 < ¥ - furthest and the gone, where l _>/ 7

or A \< r, - combined.
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The fourth classification sign could form a basis for apparatus
modification or & version of some definite method of aerial electro-proppecting.
In-&szzihas this sign is of technical, and not theeretical naiura, the number
of apparatus modificaticns and method versions is unlimited, which is
confirmed by practical experience. For instence, the highest number of
versions pertains to the~§ubgroup of methods using harmonic field of the
nearest zone. The electgéﬁagnetic primary and anomalous fields in the zone
of induction, even though dépendent t0 a considerable extent on the geometry
of the system, can be depicted in their majority by simple terms, convenient
for using comparatively simple methods for interpretation of survey results.
However not every geometry system of the generating and receiving frames
leogation in space has unambigous exploration possibilities (depth, resolving
povwer, efficiency, etc.) =snd moreover not every geometry could be easily
realised by the present technicel means.

Application of different versions of the nesrest zoné method, when the
use is of one gircraft and outhoard gondola, two aircrafis apparatus with
combined generating and receiving frames er with their discrete set up,
indicate, that the interest arouéed by this method is as great as ever (66,
67, 117, 132, 180, 181).

Thus, the most hishly developed are the methods of airborne electric
prospecting with artifidally built-up electromagnetic harmonic fields. The
natural non-harmonic fields csn be applied only with methods of the remote
zone, since the flight of aireraft in the vicinity of the thunderstorm center
is dangerous.

Certain difficulties of theoretical and constructiensl nature are present
in the use of non-hermonic fields. Possibilities of wmethods with this type
of fields are not as yet fully discovered. Therefore the subgroup of methods

using the non-hgrmonic fields happens to be less developed, although the



premises are there for their intensified development with gccumula tien of
experimental data.

The di?ersity of methods and their verianis of airborne prospecting
indicate; on one hand, their wide range of application, and on the other -
that at the present development stage of geophysical investigations technigue
they are still fer from perfect. It should be mentioned, that till the 60-s
many airborne electro-prospecting methods and the pertinent apparatus were
being developed on premise, that they will simultaneously resclve iwo
problems of geophysical investigations: geophysical mapping and e xploration of
purely ore bodies (8, 42, 201, 209, 251). But in practice the effectivity of
one or another method was evaluated, unfortunately, only by resolution of one
of the indicated individual problems and not always objectively.

Our problem is to throw some light on the main aspects of the airborne
electric prospecting with the use of only the harmonic field. However to get
the szenersl idea of this method as a whole it would be expedient to snalyse
characteriatics : of other methods aléo and of their exploretion peesibilities.
3. Brief discription of methods.

In ground electric prospecting with the use of artificial electro-
ssgnetic fields the emitters applied are of various types. The field is
usually excited by means of a long wire grounded at the ends, coil er loep
fed by slternate current, also by mesns of.anienna of bresdcasting radio-
stations. In the first case the coupling of field scurce with esrth is
voltaic, in other - inductive.

In airborne electric prospecting the eﬁitters of electromagnetic field
are the same as in surface électric prespecting. The field emitters could be
fed by harmonic and nen-harmonic currents. The more prevalent are the
generators of harmonic current, put the non-harmonic current generstors may
also be used, if current impulse, for instance, has a rectangular shape

(31, 254, 263).



In distinction from those used in surface electric prospecting , field
receivers in airborne electric prospecting, due fo continuous motion of
apparatus in the air, should net have voltsic coupling with the ground.
Receivers of magnetic and electric fields could generally be broad-bsnd. But
most often the receivers, specially of magnetic field, are tuned in to
resenance on working frequency of the field emitter. In this case even with
non-harmonic current of the emitter these methods may be used enly for the
study of a narrow spectrum of signals near some frequency of non-harmonic

current source.
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Among the methods of the nearest zone the most popular is the induction
method, in which as an emitter of harmonic electremagnetic field the application
is of a multiturn framework, stretched above the fusslage of aircraft or aset
up in special outbosrd gondolas. In this case the receivers of magnetic field
are the multiturn inductance coils with core or without, set up usually in
the outboard gondola.

Diagram showing the principle of airborne electric prespecting by
induetion method and the outside view of the plane in air with the set up
electroprospecting station is shown in Fig. 2.

The primery magnetic field is built-up around the plane and in the
ground with conductive ere body by means of the generating frame. During the
sircraft flight this field pierces the ore body and the ground, compesed of
rocks with similar or different from ore body conductivity, and builde up
witﬁin them eddy currents. Intensity veriation of these currents, recorded in
'flight along & profile, depends on the conductivity ratio of ore body and the
adjacent beds, and the currents themselves build-up the s0 celled secondary
field of the same freguency as the primmry. At the point of gendela's
location the receivers of magnetic field receive the resultant field, while the
smegsuring instruments, set up en the plane, recerd parsmeters of signal from
this field after its preliminary electric cempensatioen.

| In relation to conductance of bodies, encountered within the working
profile, there is varinti;n of the intensity and phase of the electric
signal, induced in the receiver of field; fhis is marked g3 smemsly en
record disgrams.

The vector diagram, showing interdependence between the intensity
vectors of primary'ﬁ}, secendarylﬁé snd resultant E; fields, is shown in

Fig. 3. Here B, - vector of active component, and'ﬁzp «~ vector of reactive

2a
component of the secondary field (direction of vactor‘ﬁl is taken as the



starting, i.e. the system of coordinates is determined by the current direction

in the field's source)

Fig. 3.

Conditions, in which eddy currents are build-up in conductive body
under the effect of the exéiting primery magnetic field, depend largely en
the interdependence between the field emiiter and the deep-seated conductive
body. Inlesmueh as the everwhelming majority of massive sulphide formations
is usually vertically badded (see para 1 of the present chapter). the optimum
location plane of the loops of field sources is vertical. With this
orientation of the primary field source the effect of flat-bedded conductive
bodies, including rock preductis (begs lakes and surface depssits), is reduced
to a minimum.

Thus, the position of generating frames and field receivers ean
Zenerally be various. Hewever in practice orientation of the generating
frames is being often determined ocnly by the type of utilized aircraft and
the maximum area of the frame that it can provide (increasing magnetic moment) .

The simplified structural diasgram of two-frequencies apparatus for the
aerial induction method is shown in Fig. 4. The exciter of the field is the
rectangular primary frame 4, stretched between the center of girplane wing
and staﬁlizei. The frame consists of two‘sections; Jjoined intn‘common band,
Each section‘is fed from & corresponding competent amplifier 2, deriving
excitation on working frequency of a double-frequency generstor 1 with quartiz
crystal control.

The receiving coils 6, tuned to resonance, and the preliminary (gondola)
amplifier 7 are set up in gondola, which is towed by the plane on a wire
cable sbout 150 m in length; L8ignals of both freﬁuencies, transmitted from

the output of gondola amplifier slong the cable, are fed to compensator 8.



Compensating veltage from selection circuit of compensating signal 5 is also
fed in heres, By amplitude and phase adjustment of the compensating voltage
compensation is attained of intensified electromotive force, indﬁcad in each
receiving coil on working frequencies of the apparatus. At the eutput of
compensator the signal of working frequency is separated and smplified by
selective smplifier 9, after which it entérs into phase indicator dleocks 11
and phase response volimeter 13-15.

The basic signal for the phase-indicator is the voltage of driving
oscillator preliminerily combined by means of phase-shifter 5 with signal phase
at the output of the selective amplifier. Amplitude, phase and the compenent
are recorded by registers 10, 12 and 16 respectively,

The circuit of phase voltmeter is based on the circuit of synchronous
detecter. With the reactive component recording of the measurable siznal
{after compensation) the ‘supporting voltage, fed to signal, mskes a phase-turn
at 90° in relation to signal phase. In this type of circuit the output
voltage is sutematicelly compensated by servys mechanism 14 and 15.

The apparatus is fed from the electric circuit of the airecraft by
transforming the direct current into alternate. The airborne electric
progpecting with airborne instruments is usually carried out at an altitude of
150 m by parallel profiling. The length of each profile is 50-100 km.
Distance between profiles is determined by the acale of the zeophysical

survey.
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Depth of the airborne electric prospecting by induction nethod is
determined by the following factors: a) working frequency, stop-down of
which incregsses the depth (98, 251); b) distance between the source and
receiver of the field, i.e. by the carrying about of the frames (withb en
increased within certain limits carrying the primary field considerably
decreases, which produces an increased response of the inastruments to anomalous
variations of the field); ¢) verticel distance to conductive body; d)
sengitivity of receiving and measuring instruments, etc.

Increase in the actual response of devices, meant for work in conditions
of considersble interferences of various origin, including these, specified
by the method selected, is the most difficult problem. In certain systems,
developed abroad, the response of receiving and measuring devices is upte
0.001-0.0015% of the primary field magnitude (263). This type of high
responae (several hundreds of timea greater than that of ground devices) will
permit localisation of fine conductive bodies., If the apparatus is |
practically without inertisless, which is quite possible with harmonically

time-varying primary field, the aeriasl geophysical survey could be carrjed out

‘at aircraft speed upte 200-250 km/hr. In this case one of the decisive

ffactore is the time, which enhances effectivity of airborne electric

prospecting 100-200 times as compared to ground methods.

e v e

As en example of combined zone method, in which the primary field is
built-up by means of current in cable grounded gt both ends, may serve the
BDK method (6, 30, 103, 216). In this method the messuring instruments are

set up on the aireraft, and the generating jointly with cable - on the

ground. Parameter measuring of the electromagnetic field of the cable is

carried out within an area covered by the nermel work zone of measuring
: - .

. apparatus. The nature ef the field is affected by the medium, in which the

cable field is distributed. By messuring field paremeters from the air, it is

possible to study preperties of the medium, which composes the investigation



area, i.e. to resolve the problem of girborne electric prospecting (75).

Trace of amplitude ~ Lrack of pH&SE’isUﬁurface
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Fig. 5.

Typical nature of the field of infinite length cable is ghewn in
Fig. 5, accefding to which the highest density of amplitude and Thase
isoplenes is evident near the cable; with the removal from cable along the
0X line, density ef lines decreases. Therefore, the measuring range of the .
field's paremeters along the 0X line should be considerable and sheuld depend
primarily on the distance to cable, on which the apparatus will function
normally. In other directions {0Y),(02Z) this relationship is weaker.
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Block diasgrm of spparatus, msed in airborne electric prospecting by
BDK method is shown in Fig. 6 {the ferrite coil and preliminary smplifier of
the mobile group set are taken out into outbeard gondola en connecting wire).

The #round group with the generating apparatus is usually placed in
the center of the survey ares. To both sides of the ground group an
insulated caeble is laid out ever 10 km in length. The initial point of cable
pieces is jeined to the input of power amplifier, and the ends are grounded.
by means of dowels at points A and B (gee Fig, 6). To build up the electro-
magnetic field, alternate harmonic current, produced by the generating
sapparatus, is put through the cable. Investigations of electromagnetic
field. ire. implemented by mesns of measuring instrukents of the mobile
group. Fig. 7 shows helicopter MI-4, equipped with BIK devices. The flights

are across the cable along parallel profiles (1ine 0X, see Fig. 5).
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1
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Pig. 7.



Power of the ground group apparatus is supplied by the mobile power
plant. For the study of amplitude-phase characteristics of the electro-
magnetic field from the air, the apparatus is provided with & transmitter of
key signal of ultrashert wave length range. The phase of the key asignal
emitted intc the air, is contrelled by phase-indicator, te which the pigrals are
fed from the shunt, out~in sequentially to cable, and demodulated signal ef
working frequency from the output of detector. For commend communication
the ground and mobile groups are provided with ultrashort waxe length
radiestations (in frequency band 100-150 megacycles per second).

Apparatus of the mobile group provides fer the reception snd demedulation
of the key signsal (by means of signal pickup), reception of the investigatien
electremagnetic field (by'-enns of ferrite coil), as well as determination and
recorﬁing of emplitude and phase of e.m.f., induced in the coil by the field
(by meens of measuring devices).

During the flight the apparatus records "normal" field of the cable and
its anemelies, which are intercerrelated at adjacent profiles.

In airberne electric prospecting by remete zene metheds, which atudy
fields of brosdcasting and special radic-stations, the use is made of erdinary
or epecial radioreceivers-registerers of special appliences, assembled
acéording‘to the circuits of devices for measuring amplitude-phase characteristics
of the field. Survey technique is not different from the above deacribed, but
the interpretation methods differ considerably (204, 221, 222).

The problem of enhancing effectivity of airborne eleciric prospecting of
the near zone vwith artificially excited hermonic fields is clesely relsted with
the resolution of two ngin problems. The first consists in assﬁring sufficiently
accurate measurements of the very weak secondary fields intensity in the
presence of artificially built-up primery fields, which in many cases have
considerable intensity (sometimes exceeding many times the intensity of

gecondary fields). The‘segond problem is to provide an effective safe-guard of
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measuring instruments from interferences, arising with random changes during the
flight of the reciprecal pesition and orientation of the source and field
detector.

These problems are resolved by methods of airborne electric prosﬁecting
with non-harmenic fields, i.e. by methods, which permit te divide in time
the effects on detector of primary and secondery fields. This divisien is
possible if the source.ef primary field:is energized by rectangular impulses
(e.z. by direct current impulses) and the specifies are studied of the
setting up precess eof electromagnetic field in-between the next impulses.
The.nature of this setup is specified by the non-uniformity of sections at
the point of determinations. In the practice of geophysical investigations
this method is called the field set up method or the method of {ransient
processes (MPP)(31, 62, 263).

The specific feature of the MPP is its multifrequency, as the
rectangular current impulse shows itself as a sun of harmonic oscillations with
various amplitudes and phases.* Nature determination of the field's setting
up at different times after the moment, when exciter impulse ceases, peraits
dirﬁct division of obtained anomalies into these ef ore and rock products.

_ The ore anemalies are characterised by a drawn out setting up
process, the rock product snomalies - by its gquick damping. Therefore
measurements made during the first mements after termination ef impulse,
assume prssence in the ares mainly of rock preduct anomalies. Measurements
taken later indicete the presence of purely ore objects or mineralized deposita.

Thus the transient process method is one of the most promising. The

MPP apparatus is being developed in USSR, &s well as abroad. Hewever, as

*Regolution of a direet problem, i.e. calculations ef magnetic field, are
carried out the most simply and expeditiously by apeciral method, principle of
which is the presentation of periedic sequence of rectangular impulses as

Fourier series,
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semé works indicate (75, 218, 254), develepment of different versions of
the non-harmonic field methed enceunters considerable technical difficulties.

Firstly, due t¢ the presence in the vicinity of field source of
considerable metallic mass of the aircraft it is difficult to assure in
the generator frame stoep fronts of current impulses,wspeciqlly of the rear
ones, Secondly, it is difficult to design field detector, which would in
fact be inertiasless. This is necessary even if only to prevent, in the
presence of current impulse within the source of primary field, accummulation
in field detector of electrommgnetic energy from this current {field). Thirdly,
it is technically difficult to preduce megsuring device, capabls of assuring
cut-in of field detector exactly at the termination moments of current
impulses in the source and determination ef the initial setting up of
excited field,

In development of apparatus of foreign firms ("Input®, "Selco", etc.)
the principle used is the setting up of electromasnetic field, Thus, in the
apparatus "Input" (1959) the application iz of a large horizontal generater
freme, set up above the aireraft, through which current is trsnsmitted during
1.5 masec. The detector of electromagnetic field is set up in the gondola
herizontaly and &t a perpendiéular to the direction of the flight. The
gondéla is towed by a 150 m wire ceble. The measurements are carried out O;
400 and 1200 msec after cessation of impulse. 3Since after the cessation ef
impulse eddy currents and the secondary electromsgnetic fields, built-up by
them, decay, the system actuslly investigates decay characteristice eof
electromagnetic field et different times at three points of reading.* It is
obvious, that with changing geometry of source-detector system there is ne

methodical interfersnce in this version of the near zone method.

* The gpparatus of "Input" system additionally records amplitude at the
start of reading from two receiving frames - horizontal and vertical.
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It is possible to suzgest other versions of the system, similar to that
anglyzed, but the technicel difficulties in their implementation are quite
considerable (61, 108, 254, 263). Therefore, there is atill a lot that has
to be done towerds the development of apparatus and interpretation technique
of obtained results.

With development and widespread use in aviation of methods for
locating various objects, based on the reflection frem them of electremagnetic
energy signalg there was an emergence of airborne electric proepecting by
radiolecation (75,210). However, the technical realization of this method also
faces considerable difficulties. First of all the requirement is of competent
impulses, period of which does not exceed fractions of microsecond. This is
explained by the fact, that the period of impulse should be sherter then its
travel time from the energy emitter to object and from the object to locator,
as the operation of device is based on utilizing radio-echo. The reflected
sisnal should not return before the radiation of probing impulse will
terpinate. The propegation veloeity of redio-weves is high, therefore with
poasible competence and existing designs of receiving and measuring devices,
when the altitude of survey cannot be considerable, and the objects are
comparatively close, the emission time of signal should comprise an |
extremncly small fraction of a second, i.e. fhe apparatus hes to hé?gigh—
frequency.

The use of radio-location method is also hampered by high absorbtion of
hizh frequency electromagnetic oscillsations enersgy by rocks, ae s result ef
which level of the useful reflected signal, i.e. the energy level of
electromagnetic, wave, reflected from conductive body, is found to be too low.
It is assumed, theat this can bp avoided by stacking of useful signals.
Therefore, the stacking of reflected (secondary) signals or divisien of
probing and reflected signals according to the phase provides a possibility

of detecting and recording of locally bedded conductive bodies {46, = .0". 'ig
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75, 210). This assumes, that the objects of geophysical investigzations are
stetionsry and, thus, all the prerequisites for the reslisation of the
nethod are present during a flisht.

For the girborne electric prospecting it is possible to utilize the
event of self- and reciprocal induction between the oscillating circuit and
the conductive body. In this case the oscillating circuit could funetion
simultaneeusly as the low frequency source of the primary magnetic field
(for an assured magnetic coupling with the object) and the pickup, in which
e.m.f. of self- or reciprocal induction. The efficiency eof this method

proper*
is determined by the ebfained paremeter stability of the/escillating
eireuit , ;v snd of the measuring device, as well as by the extent of
compensation in measuring circuit of primary voltege on the escillating
circuit. Since in this case there sre ne chenges in geometry of seurce -
field detector system inn methodical interference), it is guite pessible to
attain, without any considerable difficulties, a high degree of compensation,
at the subtraction factor (see para 3, chapt. II) comprises 10-5 - 10"6.
Moreover, there is an actual possibility of measﬁring both the e.m.f. of
self-induction and e.m.f. of reciprocal induction. In additien it is
possible to measure variations, under the effect of conductive bodiés, of

total {mctive and resmotive) resistance of oscillating circuit er its

natural reseamnce frequency snd its G-feetor (234).

¥
*The experience of manufacturing low-frequency escillating circuits shows,
that the stability of their parameters in time and with temperature variations

of the gurrounding medium could be very high, if special care is taken for

thermo-stabilization and compensation ef the circuit's components.



- 29 -

During the last few years in USSR and abrosd the applicetion has
become wide—spread ef methods, based on the utilization of natural
electromagnetic fields (106, 169, 234, 269). Their development and
practical application are of considersble interest for geoPhysicalAinvestigar
tions, since this eliminstes the presence in the set of insfruments of quite
bulky and inefficient in reaspect of cenergy generating devices., In this case
the weight and overall sime of apparatus becomes considerably reduced,
which mekes its production and eperation cost less, and the output hisher.

The origin of natural electromsgnetic fields is not yet fully
known. However it is pessible to assert, that the main source of these
fields is the lightening discherge (109, 156, 195). Since these, as a rule,
originate at a great distance from the place of operations, it is pessible
to assume, that these sources of primary field are practically at in an
. infinitely remote distance. In this case the intensity of elecéremagnetic
field is considerable even at a distance of several thousands kilometers
from the center of thunder-storm (173, 195), i.e. source competency of
natural electromagnetic field is immeasurably higher than that of powerful
radio-stations. Due to considerable signal level of natural electromsgnetic
fields, the depth of investigations appreciably increases, geometry
disruption of seurce-detector system does not affect the results.ralso there
are other asdvantages, impertant for electric prespecting.

The nature of the lightening field is impulsive, and not steady
harmonic; the freguency gpectrum, in which the main part of energy is
“concentrated, comprises 60 cycles - 30 kile cycles per second (270).
Investigationé show, that at & distance of ever 5000 km from the source the
maximum smplitude of the signsl is evident on frequencies 60-70 Eﬁitfllz).

Hartz
The intensity of electromagnetic field within the frequency band 10-100 ¢o3



comprises appreximately 10-5 a/m, and within the band of over 100 cps -
from 107 to 1072 a/m.

It ias & well known fact, that electromssnetic energy, released during
thunder storms, expaﬁda along = sphericgl wave-guide, limited by Eafth
surface and the base of icnoaphere., With travelling along the uniform
surface, the vertical component of the magnetic field attenuates considerably
faster then the horisontsl. As a result with great distance from the energy
gource (thousands of kilometers) the variable magnetic field, if it;
propagation is sbove a uniform and isctropic medium, becomes horizontaly
pelarized. Thus, in ares of geophysical survey the operations are usually with
practically plane wave, having only the horizontal magnetic component {268, 270).
If along the travel path of this type of wave there is a geoelectric anomsaly,
i.e. & body of electroconductibility, different from that of surrounding
medium, reflection of the wavé vill cause the appearance of the ve{tical
compenent of megnetic field. In this case it may be assumed, that the dip
of pelarization plane will depend on the conductivity of those sectiens
of esrth's surface, above the measursments are being'conducted. Thus, from
the nature of variations of the vertical cemponent of natursl electro-
nagnetic field of Earth it is pessible 1o judge the electric anomaliss and
to define arcas, promising for exﬁloration of useful minerals.

There are several versions of airborne electric prosﬁecting using
natural electromagnetics field. Ope of these is based on weasuring abselute
values of the field's characteristics. However due to the fact, that the
intensity of electromasgnetic field at any point of space could increase
during a short pericd asome tens of times (upto 40 an), practical applicatien
of this method is difficult. Taking this into account, the measuring is of

those perameters of electromagnetic field, which are very little affected by



short-period, diurnal and annual variations, yet at the same time a?e
extremely variable with the presence in the area of conductive bodies.

It may be assumed, that with sufficient averaging the total alectro-
magnetic field, i.e. in the presence of conductive body, has & certain
elliptic polarization. In this connection, the parameters, which are net
dependent on the-intensity of primary field,will ©be the following: small
axis ratio of the elliptically polarized field to big axis, dip of the big
exis snd the inclination of polerization plane towards the horizon, also
- the semiaxis ratio of ellipseid projection onto vertical plane and the angle
of gradient of the big semiaxis of ellipsoid's projection towards the
horizon (106).

In Canads development has been accomplished of the AFMAG apparatus,
which serves for measuring the angle of gradient of the natural electro-
magnetic field pelarization plene (aireraft version) (169, 269). The
shorteoming of thie method is & rather low intensity of the natural field.
Moreover it is subject to seasonal and diurnal variations. The use of this
gpparatus is northern latitudes from 30 to 60 is only possible during
summer (June-August end partially in September) for 3-5 hrs. Obviously with
the presence in the area of lightening discharges the AFMAG method is
inapplicable.

One of the AGMAG modifications provides for the location of detector
in the outboard gondola, tewed by wire-ceble at a distance of 60-90 m from
the plane. The angle of zradient in polarization plane is measured on
frequencies of 90 and 340]12€t%y meaﬁs of two reciprocally perpen&icular
receiving frames, the planes of which are at an anzle of 45° to directien

of fiight (169, 263), With e uniform and isotropic medium the signals,



taken off from the twe frames, are equal, since the polarization plané is
horizontal. But if the medium is non-uniform, the polarization plane has
& definite angle of gradient towards the horizon, therefore the signals
in the fremes are not equivslent. The measursble difference of asignals
in this frames is compared and interpreted in conversion to angles of
gredient. Ratio of low and high amplitude signals is used for comparing
conductivity of anomalous objects., The direction of flight is across the
strike of regional geclogical structures, DBesides the plane §ersion thers
is alsc a helicopter version of AFMAG, In this model the working frequencies
are 150 and 590 (Haxtz.

The apparatus for messuring the teme polarigation ellipsoid is
rather complex. Therefore it seems more expedient t¢ develop apparatus
for measuring projection parameters of ellipsoid onto vertical plane. In
this case the ratio of semiaxis and the angle.of gradient of the big axis
to horizon ean be measured even by means of two reciprocally perpendicular
detectors, located in vertical plane. The work in this direction has only
just begun, Institute of automatics and electrometry of the Academy of
Sciences of USSR developed appsratus of LFM-3 {ype (gro;hd version), mesnt
for measuring the above indicated parameters, and also phase-ghiftinz hetween
pignals, excited by total -field kimatural Earth field and gecelectrical
anomaly field) in vertical and horizontal detectors (106). .

It is presumed, that the spparatus LFN-3, set up on helicopter MI-4

or plane of the AN-2 type, will be used for the seriazl version of the




analyzed meathod for geophysical prespecting. To reduce the vibrations

and the energy noise of the aircraft, the field detectors and some other part
elements of the apparatus will be placed in the outbeard gondola. The
measurable parameters will be the amplitude ratio of sisgnals, induced in
two reciprocally perpendiaular'field detectors, angle of gradient of the
polarization plane and the voltage phase-shift at fhe ocoutput detectors
with their position fixed in respect of the flight direction. The main
specifications of the airﬂorne version of LFH-~3 are similar to these of
ground apparatus: working frequencies 80; 160; 240; .480; and 960 Hargz;
mesguring limits of‘polarization plane angle of zradient : 450; neasuring
limits of phase-shift between signals in vertical and horizontsl frames :
20%; amplitude values of measurable fields 104 - 1077 a/n. The apparatus
igs implemented on semiconducting elements.

The block-disgram of the airborne version of LFM-3 apperatus is shown
in Fig, 8., The block of input elements consists of twe recipreocaliy
perpendicular frames I-Ii (vertical and herizontsl) with ferrite ceils,
elements of frame tuning-into resonancse for five fixed frequencies 1-1'
and two prelininary amplifiers 2-2'. 3Signals, transmitted alensz the cable,
are fed into measuring block, containing selective 3-3' and wideband 4-4'
anplifiers, patic-measuring device 5 and phase-indicator 6. Parameter
reading may be implemented by measuring devices G (or registrators), cut-in
to outputs of the ratio-measure and phase-indicstor, The reciprocal

perpendicularity set up of the frames is controlled by angle gauge 7.
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CHAPTER II.

METHODS OF AIRBORNE ELECTRIC PROSPECTING, WHICHE USE
HARMONIC ELECTROMAGNETIC mﬂgp

1. The nearest zone method (airborne electric prospecting by
induction method).
The nearest zone method is based on studying the effsct of currents,

induced in ore bodies or in any other conductive bodies occurring within the
top layera of the earth crust, on the primary electromagnetic field,

generated artificially by alternate harmonic current of the oscillating frame,
fixed on the aircraft or in the outboard gondola. This effect is defined

by the varying magnitude and direction of the resultant field vector, i.e.

by the field's anomalies (70, 263). The defined anomalies make it possible

to resolve the inverse geophysical problem: the position of the geolegical
objects, ceusing these anomalies, is identified and their quelitstive
appraisal is then carried out.

In airborne electric prospecting the direct carriers of informetion
regarding the enalysis of the electromagnetic field are the electro-motive
forces, induced in detectors. Usually they are the multiturn induction
coils with ferromagnetic cores or without them (see chapt. VII). When '
investigations are conducted by the nearest zone method, these detectors
are set up mostly in the outboard gondola, occasionally directly on the
aircraft (263).

The main problem of the measuring-recording instruments is to separate
from signals, information connected with the secondary field, induced in
field detectors, and to eliminate the effect of the primery field signal
on the indications of these instruments.

At present there are many versions of the nearest zone method. They
differ in the geometry of the source-detector system, method of electric

compensation, the number of used aircraft, etec. According to the latter,



all versions of the method are divided into two large groups. The first

group unifies versions concerned with the use of only one aircraft {plane or
helicopter). The second group includes those requiring two aircrafts: one

for the source, snd one for the field detector.

Another distinguishing feature of the different versions of the nearest
zone method is the npmber of magnetic field detectors, their disposition and
orientation im respect of the fielﬁ's source, and alsc the use of detectors
in determination of the ocutput values.

Versions of the first group: 1) the field's source is directly on
the plane, and the detector in the outboard gondola, towed by wire-ceble
(21, 63, 103, 117, 123, 263): one plane with the use of rotating magnetic field
(VMP) and outboard gondola for disposition of field detectors (117, 234); 3)
the gource end the detector are firmly fixed on the aircraft relatively close
to each other (28, 263)3 4) the source and the detsctor are firmly fixed in
the outboard gondola of large size (117, 263, 264); 5) the receiving frame
is coplanar or reciprocally perpendicular in the center of the
oscillating frame (117), etec.

Versions of the second group: 1) circular rotating magnetic field
(234); 2) linear polarization field (236, 237).

The block diagram of the apparatus, shown in Fig. 9, corresponds to
the majority of versions in the firast group. The exciter of the field is the
oscillating frame [" P, fed through its block of tuning to rescnance B H vy
power amplifier YM, which is excited on the working frequency from the
master oscillator with quartz crystal control of frequency KBIYiD. The
signal of working frequency, received by tuned to resonance field &etector]j P
and amplified by the preliminary amplifieryjy, is fed into the block of

electric compensation 5 K. The compensating voltage Uk’ obtained either from
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Fig. 9.
5 H block or from KBqu:is also fed in the same block. By adjusting the
amplitude and the phase of voltage Uk the necesaary compensation of the
signal, excited in the field detector by primsry or resultant field is
obtained.
From the output of the compensator the signal is fed into seledtive
smplifier{/ Y, in which the outside noises are suppressed. From the output

of U Y the signal is fed into circuits of measuring moduluaifM, phase H(P




and component ¥ K. For phase~response ins&ruments. the key signal Uo
is the output voltage K3F¢, previcusly combined by phase inverter

QPB with current phass in the oscillating frame. The recording devices are
cut into meter outputs. The energy source of the apperatus is the pover
supply system of the plane, fed through blockaBﬂl and I,.

The block diagram of the apparatus for single-plane version of VMP

is ghown in Fig. 10. The reciprocally perpendicular oscillating fremes [P
ere fed from power amplifiers YMl and mz, which are excited by master
oscillator K3/ 4}, and the exciting voltsge to one of the power amplifiers,

for inastance YM,, is fed with phase-shift at 900, implemented in phase~

1
invertercﬁ Bl' In this way the feed of the oscillating frames by currents
with phage«ghift at 900 is attained, The reciprocally perpendicular
receiving frames f] P, tuned into resonance, are out into preliminary
amplifisrsﬂYl and [ Y,,, the output signals of whichare fed into
the subtraction circuit CB., Ope of the output signels, for instance the
signal of amplifier ﬂ Yl' passes first through phase-invertorcﬁBz, where it
acquires the 900 phase-shift. The signal of imbalance from the output of
the subtraction circuit is fed to the selective amplifier4 Y, and then to
phase-response voltmetersqﬁﬁlBl aatnd@'-lB2 vwhich measure the sctive and
reactive component of this signal. The key signail Uo n is the voltage of
the master oscillator.

The block diagram of the oacillating group in the apparstus of a two-
plane version of VMP is practically undistinguishable from that in E‘ig. 10.
But the;group of messuring instruments could be medified in various ways,
depending on the measurable pgrameters of the imbslance signal. The

supporting voltage for phase-response meters is the voltage of one of the

measuring channels, for instance, the output voltage of amplifier[] Yz.



In some modifications of a two-plsne pattern of VMP, the application is

of a ratip circuit, instead of subtrscting circuit, and the quantities
measured are the imbslance of the cireuit and the phase-shift between the
gignals taken (234, 23%6). In the instruments of the veraion with linealy
polarized field, the oscillating portien is plotted according to the block
diagram of one of the channels in the VMP apperatus, meant for the excitation
of horizontel or verticsl osecillating frame. The measuring part of the version
under analysis and the WMP are similar, except for the orientation of the
reciprocally perpendicular receiving frames.

The use of the outboard gondola in individusl versicns of the nesrest
zone snerial method causes some difficultiea. These difficulties are most
clearly evident in conditions of undulating relief and windy wesather: the
results are affected by the interference; caused by the variations of primary
field signal generated due to the vibrations of the gondola (technical
intgrferences). The vibrations of the gondola are intensified by windy
weather and in conditions which contribute to the formation of air pockets.
The latter circumstance is of importance to aeriasl electro-prospecting, as
the useful signal cannot someiimes be measﬁred on sccount of the magnitude
of this type of interference (see para 6, Chapter IX),.

To eliminate this deéBicdiency, versions were worked out{for plane and
helicoPter), with the exclusion of the outboard gondola. In this case the
receiving frames are placed directly on the aircraft in a firmly fized
streamlined unit. 7The rational disposition of the oscillating and receiving
frames on the plane or helicopter assures considerable reduction in the
noige caused by changes in the geometry of the system of vibrationa. The
minor depth of prospecting is compensated to some extent by the high
response of the apparatus, the low altitude of the flight and the high

mobility of the aircraft. These versions have glso other positive qualities



and are, therefore, quite promising for carrying out large-scale (detailed)
survey (63, 117).

Let 4s examine briefly the main verzions of the apparatus for the
aerial method of the nearest zone and its salient characteristics:

1. Versions in which the field detector is located in the outbosrd
gondols, towsd. by aircraft by mesns of wire cable from 20 to 100~150 m in
length. In this case the perception is of the vertical or the horiszontal
component of the primarj field* and the recording is of its variations, caused
by the secondary field affect; the drift angle of the gondola is 45-900.

The same patiern was used for the national devices of AERIC and AERI-2 type
(21, 102, 117, 123), in which the drift angle of the gondola does not
exceed 650.

In the plane or helicopter version, when the drift angle of the gondola
is 900, the source and field detector are "firmly" fixed on one aircraft (28).

2. “Canadiaﬁ"(plane) version, when the field detector, sensing
horizontal colmponent of the primary field,'is located in the gondola with
drift angle 450. According to the testimconials of foreign firms, this version:
is more successful than any of the\preceding ones (63).

3. Helicopter version, when the oscillseting and receiving frames are
located on the ssme vertical line, i.e., the drift angle of the gondola is
rapproximately zero. This version is applied with a comparatively.low speed

of horizontal flight.

* By the vertical component of the primary field is meant the component in
the direction of the magnetic moment of oscillating dipole, vertically
oriented (horizontal oscillating frame), and by the horizontal component - the

component perpendidéular to the vertical and located in the plane of flight.



4. Version without an outboard gondola with source and field detector
located at opposite ends of the plane's wings, i.e., at a comparatively short
distance (28, 235), and other similar versions (233, 262, 263, 265), for
instance, the helicopter version of "Canadian Aero Sikorsky Helicopter" (263).
In this modification the range of frames has been incressed in orger to
enhance the depth of investigations. With this aim the big oscillating
frame, placed perpendicularly to the direction of the flight, and the
receiving frame, which measures the vertical component of the field, were aet
up on specisl brackets in the nose and tail respectively, of "Sikorsky-55"
helicopter (Fig. 11). The distance between frames covered 18 m. The
devices measured active and reactive components of the signal, excited by

the vertical component of the primary field on frequency of 390 cps.
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Fig. 11.

Notable among the plane versions is the "Canadian Aero Otter" (263),
mounted on a hydroplane "Otter" (Fig. 12). This epparatus measures active
and reactive componentss of the vertical or horizontal constituent of the
field on frequency 320 cpe. The oscillating and receiving frames sre set up

on the ends of wings; the distance between them iz 18.6 m.
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Fig. 12.
Another example of the apparatus for the plane version of the
induction method in the first group with a rigid position of the source

end the field detector is the Mullard apparatus (28), a block disgrem of
which is shown in Fig. 13.
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The primary electromagnetic field is generated by the currsnt in
oascillating frame 13, set up in the same way as the detector of the magneticxfi
field (receiving frame) 1, at the ends of plane wings. The frame is fed
by an alternate current of working frequency from the oscillator 12. Cut
into the circuit of this freme iz a smsll freme 14 of compensating and key
signals, from which voltage is taken for compensation of e.m.f., induced
in the magnetic field detector 1 by the oscillating frame field. The setting
of the required emplitude and of the initial phase of compensating voltege
is implemented by the balance circuit 18, consiating of an attenuator and
a phape-inverter. The signal is compensated during a flight at high
altitude, which excludes the effect of any ground conductors. Therefore,
the decompensstion s=ignal at the output of the field detector, which appears
during the flight at normal altitude, is taken in this spparatus as useful
(ancmalous).

The anomalous sighal enteras, through preliminary smplifier 2, band
filter 9 and linesr amplifier 10, into inputs of phase-response detectors
(PYX) 11. The output voltages of@pY llere proportional, respectively, to the
active and reactive components of the anomalous signal, being in phase
and quadrature with the current in the osciilkting frame. To ensure for
this condition the supporting voltage, frame 14 taken off through fikter 15
is fed into one of the phase-regponse detectors through phase- B
shifting circuit 16 and amplifier 17 and into the other - only through
amplifier.

The output signals of the phase-response detectors pass through
integrating circuits 6, coordination hookups 7 and are then fed to
amplifiers 8 of the eight-channel recorder, one channel of which is used for
recording noises, With thies aim the signal from the output of preliminary
amplifier 2 is fed into detector 5 through band filter 3 and linear amplifier

4, Then, gimilsrly, with the preceding registrastion patterns (plocks 6-8),



the signal enters the recorder. The other channels are used for recording
magnetometer, accelerometer or radiomster data, time-breaks gnd
orienting-pointa.

The apparatws operates on frequency 320 cps. The recording of
atmospherics is done on frequency 268 cps. To separate weak anomalies,
sdjustment of the frequency pass band (integrator 6) is provided.

5. One-plane version of a circuler rotating magnetic field. This fype
of magnetic fielﬁ is genersted by aircraft located on twe reciprocally
perpendiéular oscillating frames 1 (point 0), in whieh the currents are
phage-shifted at 900. Two receiving reciprocally perpendicular fremes 2,
the planes of which are parallel to the planes of the oscillating frames,
are located in the outboard gondola (point P), towed by wire-cable (Fig.14).
The signal, sensed by one of the receiving frames, turned in phase at 90°
end is subtracted from the signal, sensed by the second receiving frame,
In this way the reciprocal compensﬁtion of signals, excited in both the
receiving frames by the primary field is attained. Inasmuch as the
snomalous effects along the vertical and horizontal constituents of the
secondary field differ substantially (8, 117, 200}, the reciprocal
, compensatidn, with the presence in the flight area of conductive objects,
is broken off. The measurements of the difference of signals, excited
by the primary field, and also of the phase-shifts between them are

taken.

Fig. 14.



This version of the aerial induction method was developed by the
Swedish firm "Bolindens Gruv. A.B2." (267). Distortions of the circular
field, caused by the metal parts of the plane or by its body, are eliminated
by adjustment of the angle between the planes of oscillating freames and the
control of the current phase in one of them. The reciprocal compensation
of direct signals, induced in receiving frames by the primery field, is
effected by subtraction from the signal, sensed by the vertical frame, of
the signaliperceived by the horizontal frame signal phase is preliminarily
shifted by 900). The workimg frequency is 3600 cps. The apparatus
measures and records the active sand the reactive components of the signal,
induced in receiving frames by the resultant field.

The block disgrem of one of the modifications of the rotating megnetic
field patterns, developed in Sweden, is shown in Fig. 15 (211). The
oscillating device confains.two similar reciprocally perpendicular
oscillating fram;s 2 snd 3, energized from oscillator 1, through devices 4 and
5, which provide the current-ghift in frames 2, 3 by 900 and control the
intemnsity of these currents. The receiving unit has frames 6 and 7, one

of which is horizontsl and the other vertical. The pivotal axis yy in the

. - - ! - . N
Generator section Receiving séetibn

Pig. 15.




aystem of oscillating snd receiving frames should coincide as precieely as
possible., Both frames of the receiving unit are out into phase~-invertors
10 and 131 through preiiminary amplifiers 8 and 9. The phase—invertmré

shift voltages, induced in these frames, by 900. 'éhe difference of voltages
(block 12) and their phase-shift (block 13) in their initial state (after
blocks 10 and 11) should be équal to zero. To outputs of blocks 12 end 13
are cut in devices for ;ecording the amplitude and the phase-shift with

the appearance of the secondary field from a conductive object. The higher
anomalous signal will be induced in verticel frame 6, in the horizontal it
slightly veries; therefore, the intensity of voltage at the output of

this frame may serve as a messure of the normal field. Indicator 14 records
the amplitude of voltage at the output of freme 7, and since it varies in
inverse proportion to the cube of the distance between the oscillating and
receiving fremes, it is used for distance-determination between them.
Receiving frames and preliminery amplifiers are placed in the ocutboard
gondola, towed by the plane. The altitude of flight ia 120 m., The length:
of the wire cable is 50 or 150 m. The working frequency is 880 cpa.

The compensation stability of the direct signal with the varying
geometry of the system in this version is not very high, whereas the
apparatus is quite complex. Therefore, it never became popular and was
eventually transformed into & two-plane versionm.

6. Versions with combined oscillating and receiving frsmes are meant
for large-scale. Surveys_ on a previously inveatigated area. The smalil
gpace between the frames decreases the depth of investigations. However,
their mobility is high, flight altitude comparatively low snd the aspplied
apparatﬁs gives & higher responss, which to some extent\compenaates for the

reduced depth.



The "Aeromsgnetic Survey Ltd." have developed an apparatus in which
the oscillsting and receiving frames are located in one large gondola,
trangported by helicop%er (258) . The frames are“placed perpendicularly
to the axis of the gondola; the distance between them is about 9 m. The
dismeter of the frames is approximately 0.6 m. The working frequency is
4000 cps. With some modification of the apparatus (two vertical receiving
frames were located on the seme sxis with the horizontal oscillating
frame on both its external sides) a sufficiently high and more relisble
compensation of the direct signal was attained.

The "American Metals Helicopter Co." {263) has developed an apparatus
fitted on helicopter "Bell." The oscillating and receiving frames are in
the gondola. The apparatus measures the active and the reactive consiituents
of imbalance signal on frequency 1000 cps (two different frequencies may also
be used). The exis of the frames is common and their planes are reciprocally
perpendicular.

In the Soviet Union these versions of the nearest zone seromethod
were not developed.

7. Helicopter version, when two field detectors, meant for the
reception of the vertical or horizontal constituent of the field, are placed
into the outboard gqndéla of large dimendions on both asides of the
horizontal oscillating frame also placed there. The source and field

detectors are firmly fixed one with the other {63). Plane and helicopter
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versions have also been developed; in these the receiving frame is placed
either coplanar or reciprocally perpendiculsr in the center of the primary
(oscillating) freme (117, 263 and others).

Versions of the circular rotating megnetic field end linearly polarized
field belong, as has been pointed out, to the second group, which uses two
aircraefts. Let us briefly snalyse these versions.

1. The version of the circular rotating magnetic field is implemented
by means of two planes, flying one behind the other in the same direction
at a distances of 100-300 m. On one of the planes are set up the
oscillating frames, similar to those in the one~plane version, and on the other,
in outboard gondola - two reciporcally perpendicular receiving frames, the
planes, of which, are parallel- to -~ those of the oscillating frames (Fig, 16).

With egqual amplitude of mapgnetic moments of the oscilleting frames,
the resultant vector of the primary magnetic field at points, lying on the
flight axis of the plane carrying the oscillating frames, revolves around
this axis within a plane psrpendicular to the axis, with angular velocity
squal to angular frequency of the exciter current. In other words, the
field at these points is polarized in a circle. The outboard gondols with
the receiving frames, transported by the second plasne with the wire cable
20-30 m in length, should be on the flight axis of the first plane.* It is
obvious that, with a uniform external medium, tﬁe inducement in receiving
frames will be of alternate voltége Ux and U,, multiple values of which Ux

and UZ are squal in modulus, but differ in emplitude by 90°. Therefore,

* From the navigational point of view it would be more convenient if the
plane with the measuring apparatus and the outboard gondola would fly first,
i.e. be the leading one, snd the plane with the oscillating devices - second

(following)(211).
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if one of these voltsges is turned inte the corresponding direction by 90°

and subtracted from the other; the resultsnt signal will be equsl to @ero.

The appearsnce near the given set up of conductive body will disrupt
the attained balance. In this case the apparatus will be measuring
pafameters of imbslance signnﬂ.l3 U - Ux - jUz Yits amplitude, phase, active and
reactive components)/260, 265/. It is also possible to measure difference
Ux - Uz or Ux/Uz ratic of the virtual values of these volteges and phase~
ghift between fhem.

- The most significant asdvantsges of this version:- sufficiently stable
compensation of the primery field signal, which is thedretically not upset
with distance varistion between frames, and also the high spread of frames,
possible within the range of 200-400 m, permitting increase in the tangible
response and depth of the method. Therefore this version of the near-zone
aeromethod is referred as the most effective /117, 211, 2%4/. Its main
shortcomings:/ simultaneous use of two planes in conditions of complicated
navigation and the difficuliy of setting up in practical conditions an exactly
circular rotating magnetic field.

Ip 1959-1961, the All Union Scientific Research Institute of Methods
and Technique of Prospecting (VITR) made and tested three sets of apparatus
for the rotating magnetic field (working frequenciea of apparatus - 2450, 1225
and 612.5 cps). The first was meant for plane LI-2, the sedond and third -
for planes AN-2 /230, 234/.

The block diagrem of generating devices in the two-plane version of
the -rotating magnetic field is practicaily the same a5 the diagram of the
one-plane version. But the instrument, meant for measuring the intensity
parameters of imbalance U, could be made in various modifications, depending
on which parameters of imbulance signal it is required to measure smplitude,
phase or components /231/. Fig. 17 s shows outside view of the

generating assémbly of the RMF (retating megnetic field) epparatus, and



Fig. 17 - b of the measuring assembly.

However, considering that in the two-plane version of RMF it is
difficult to maintain the co-axisl alignment of the source and field
detector, it was suggested that the double roteting magnetic field (DRMF)/227/
be used.

The substance of the DRMP version consists of the following. Currents
of two frequencies - the working and the suxilisry are passed through
oscillating frames., The second frequency should be considerably lower than
the first as, with sufficiently low frequencies, anomalous effects are hardly
pregent in the inducfion methods of aerial electric prospecting /99/.
Currents of various freguencies may energize alsc discrete frames, which
should be firmly interconnected. Ip this way, there is a build-up of two
rotating magnetic fields, having identical configuration in non-conductive
medium. These fields are generated in two repeiving frames of two
frequencies e.m.f. The intensitiea of working frequency, obtained from two
reciprocally perpendicular receiving frames, similar to frames of the RMP
version, are reciprocally subtracted after division by fregquency filters snd
phase—ghift in one of them at 90°, and the residual intensity is
rectified (this applies also to the intensity of auxiliary frequency). For
receiving fields of various frequencies, it is possible to use also
different frames, tuned in resonance at working frequencies, provided there

is a rigid connection between them. In this case the dividing frequency

' filters are not required.

By fixing a definite ratio between the intensities of exciting
currents of the working and auxiliary frequencies in oscillsting frames
and adjustment of the receiving unit's response on the working and auxiliary
frequencies, an equal intensity of rectified voltages in channels of both

the freguencies is attained. Apparently, this equality is not upset at any



Fig. 17.

point of space, if the fielda of the working and auxiliary frequencies have
identical configusration. The rectified voltages are fed to the device m;nnt
for measuring out put. Thus, false anomalies, connected with reciprocal
position-variation of oscillating and receiving frames, are eliminated in

the non-conductive body.

Ore and other conductive bodies generate an snomalous field on the
working frequency, and not at all on sufficiently low auxiliary frequency.
This congiderably simplifies separation of snomalies from ore bodies, when the
false snomalies, are eliminated due to disruption of coaxial position of the

gsource and field detectors.
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Thus, the essential thing seems to be the application of two rotating
fields, radisted by common emitter or two firmly joined emitters, and a
common field detector or two firmly joined detectors, placed on the axis of
the rotating fields and insensitive to fields with circular polarization, to
shifting of the field detector relatively to the source along the axis of the
rotating fields and to the slowing of the field detector around this sxis.
Response to objects with higher conductivity could be intensified due to the
increased response of measuring apparatus, since the unstable position and
inaccuracy of orientation of the field detectors practically do not
contribute to the appearance of false anomalies.

However, it should be mentioned that the apparatus of DEMF method is
quite complex and expensive in msking and use.

2. Tha version of the linearly polarized field was tested in 1962
by the All Union Scilentific Research Institute of Technique and Methods.

The spparatus for this version is based on that for the rotating magnetic
field /236, 237/. One plane carries horizontsl oscillating frame, and the
other an outboard gondola with two receiving frames. The perpendiculars of the
fremes are located in the flight plane YOZ and inelined at an angle of 45°

to vertical line, i.e., axis 0% (Fig. 18). The receiving frames are

—_—— e e e - —— N [,

3 M
gﬂ
& N
Q

- [ - -——"'_——_-—;8 ———— 0;
e 7 ¥ : 4
\/f/// 2 (N
B . . .- !
. Generator_ sntenna . Receiving antenna

Fig. 18.



relatively oscillating, 30 that their center would be on the flight axis of
the first plane. The block diagram of the apparatus is shown in Fig, 19.

The significant difference between this wersion and that of the
rotating magnetic field is that this one hes only oacillating frame and
there is no necessity of generating the rotating magnetic fisld., The
generating porticn of the appsratus for the lineally polarized field could
be constructed from the block diagram of one of the channels in the apparatus
of the rotating megnetic field. PFor instance, it is possible to use one
channel of the generating unit and the oscillating horizontal frame with
vertical frame out-off. But the measuring devices of this version are
similar to those of the rotating magnetic field. The measuring is of the
same difference of signals excited in the field detectors of the oscillating
frame and of the phase-angle between these signals. The field detectors
remgin the same, but their orientation im apace relating to the oscillating
frame and the vertical line (in the outboard gondola) varies,

In measuring voltage ratio in measuring devices of rotating magnetic
field version the cut-in, instead of subtracting device, if the hookmp for
neasuring anplitude rafio of sigmals, i.e. the measurements are taken of the

80 called smplitude parsmeter A /231, 234/.
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If the receiving frames are placed as shown in Fig. 18, and the
geometry of the aystem is not upset, then with linear polarization of the
primery field and absence of the secondary one it is possible to assume
that e.m.f. in both the frames are excited by the vertical constituent of the
primary fieid HB = Hz; therefore, they sre equivalent in vilue and have no
phase-shift.

Pheoretical calculations and teste have shown that this version has
considerably greater technical error than the version of the rotating
nagnetic field. However the generator portion of this version is much simpler
than in the sbove. The smallest technical error will be in the wersion
with the vertical oscillating frame (horizontal dipole).

Thus, it follows that the two-plane versions of near-zone method
are effective in respect of the eptimum space pelection between the source and
the f ield detector. In a number of cases th?ir application is complicated
by the necessity for a simulteneous piloting of two plsnes with an exactly
fixed position of one in relation to the other; moreover, in these cases
the cost of the geophysical survey inc;easea oonsiderably.

2. The combined zone method.

The first information regarding the aerial eleciric prospecting in
the combined zone (BIK method: or methed of infinitely long cable) was the
advertising communication of Lundberg in 1955 / 257/. The result of this
compunicstion was that for the search of useful minerals & method was applied,
based on the study of electromegnetic field of the alternate current,
flowing along a straight cabile, grOunded at both ends. The principle of this

method consists of the following /158/. Two cables, 30 lm in lengkh, are

laid on the ground and alternate current of 400 and 1000 cps frequency is

passed through this cable from the ground generating group. The receiving-



measuring two-frequency apparatus of the mobile group is placed on the plane.
Field parameters of the cable are measured simultaneously on two

frequencies with the plane fiying across the cable lying on the ground.
Later on there was a communication, from the "Bolindens Gruv. A.B." Co. of
Sweden and from other compsnies /6. 256, 267/ about the apparatus for the
method of infinitely long cable.

In the USSR, the development of the infinitely long cable method and
its apparastus began in 1955 /102, 103, 216, 218/. The first successful
tests were conducted, in 1957, in the Maidan-Vilsky section of graphitized
gneisg, In 1958, the Academy of Sciences of Uzbek SSR made and tested, in
productive cenditions, a set of apparatus AEHA-58. |

The substantisl asdvantage of aerial electric prospecting by the
combined zone method is the 1w response of the appa?atus to flat-bedded
conductors. Moreover, the aystem of current inlet into ground {when long
grounded cable is applied) ig in itself such better in comparison with other
pethods of serial electric prospecting.

The disadvantage of the combined zone method is the necessity of
laying out cable on thegground end the setting up in its vicinity of the land
group of devic;a. However, the experience of utilising airborne electro-
prospecting sstation testifies to the fact that this kind of opinion is more
of a formsgl than objective nature, since it doss not take into account the
specifies of applying aerial geophysical prospecting generally and in
insccessible areas in perticular /190, 216/. Moreover, the cost of 1 run. km
of survey by the combined zone method is not high. Thus in the northern
areas of the Kolsky peninsula, or in north-western Kazakhstan, the cost of
gerial exploration by the method of infinitely long cable iz found to be
geveral times lower than the cost of the ground survey, wheregs implementation

is much faster. In these aress the cost of 1 run. km of large~scale mapping



is 10 - 15 roubles.
As field emitter in the apparatus of the combined zone method,
so far only & long etraight grounded cable is gpplied; no other emitters
are applied. Since the parameters of the electromagnetic field vary guite
sharply in space, there is no compensation of the primary field in this method..
The main problem of the measuring-recording apparatus in the infinitely
long cable method is the measuring end recording of the aﬁplitude and phsae
characteristics of no¥ma1 and nnonalouslmagnetic fields of the emittef from
e.m.f., induced in the maghetic field detector (of multi-turn type of coil
with core). For phase measuring, the measuring and recording devices get
radio-trensmitted information from the ground regarding the current phase
in the source. The magnetic field detectors are most often set up in the

outboard gondola. They are very seldom placed on the aireraft.

W

Ground group Mobile group
Fig. 20.
Fig. 20 shows & block diegram in sreatsr detail than in Fig., 6, which
explains certain specifics in the apparatus development for the infinitely
jong ceble method. As pointed out above, the set of devicea consists of two

gsctions - the ground group, generating the electromagnetic field on one

of the working frequencies and sending radio signals, modulated by supporting



voltage, &nd the mobile group, which measures and records field parameters,
e.g. H&Dz.

The electromagnetic field on the working frequency is generated by cable
energized by a competent tube oscillator 2. The oscillator is provided with
& capacitance block, by mesns of which the inductive reamction of the cable ism
being compensated. With the breaking of the cable a relay operates in the
osclllator device, which disconnects the cable from the cutput terminals:of the
oscillator. For the extitation of oacillator 2, a master oscillator 2 has -
been provided, the frequency of which is controlled by :quartz crystal. The
energy-source of the ground appasratus is the porteble power plant 3.

The key signal, coinciding in phase with the current in the cable, is
transmitted to the mobile group by means of radio-station 4. Phase-control
of the key signsl, émitted into ether, is implemented by means of detector 5
and phase indicator 6. The latter is energized by two voltages - from shunt,
connected in series with the ceble, and by demodulated signal of low
frequency from the output of detector 5. |

For the command communication between the ground and mobile groups,
radio-stations 7 and 25 heve been in¢luded in the set of apparatus for aerisl
electro-prospecting. The mobile group measures and records the phase-sngle and
one of the components (active or reactive) of e.m.f., excited in receiving
c¢oil 8, which perceives the horizontal constituent of the cable's magnetic
field H % The ocutput voltage of the coil enters wide-band amplifier 9,
gignal from which is transmitted along the connecting cable into preliminary
amplifier 10, attenuator 11 and selective agmplifier 12. Thereafter the signal
is fed into two channels of measuring and recording — the channel of measuring
and recording of components 13-15 end 23 and the channel of measuring and

recording of phase i8-22, 24,



For the recording of components, use is made of direct measuring
circuit, based on phase-response detector 13 (see para 4, chapt. X). The
supporting voltege is the signal, received and rectified by radio-receiver 16.
In order to measure and record quadrature components at all the four
quadrsnts, & device is applied in the apparatus (not shown in figure), in
which the phase-angle of the supporting voitage céuld vary by jumps of 90°
within the limite of 360 elect degrees. To exciude during survey the
affect of level Variations-of the supporting voltage, the latter is confined,
in device 17, by a two—sided limiter and fed in the shape of rectangular
impulses to the circuit of phase-respense detector i3.

The constant potential at the output of detector 13, proportional to
active or reactive component, is measured by automatic compensator (14, 15,
23). Block 14 cuts in the circuit of alternate current amplifier with
transofrmation end reverse circuit of comnection on constant current. At
the output of alternate current the amplifier is ocut in control winding
of reversible motor 15. Recording of the measurable parameter is implemented
sp a chart of recorder 23 by a carriage with writer, mechanically
comnected with motor 15.

The phase is measursd by means of quasicompensation \gee parss 2 and 2,
chapt XII). For this, the measurable signal from the output of selective
amplifier 12 is fed to similar rhase-response circuit 20 of the phase measuring
chennel. The supporting voltage, after passing through amplifier-limiter
18 and phase-inverter 19, is fed to this circuit from key signal detector 16.
Voltage from the output of phase responee circuit 20 enters the amplifier of
alternate current with transformation 21 and the control winding of
reversible motor 22. This meter operantes phase-inverter 19, fill such

time s the voltage at the output of eircuit 20 becomes equivalent to Zero.



The phase-angle is read from recorder dial 24 by the position of the phase-
inver?&r's variable elements.

The set of mobile group devices includes slso the outboard gondola, a
device for its let down (with wire cuttor). a marker of time breaks and
landmarks on the charts of recorders, etc. The source of energy for the
mobile group apparatus is the power line of the aircraft, fed through
special dynamoelectric transformers.

It has been mentioned that the first set of the AERA-58 apperatus was
made in 1958 in the Academy of Sciences 6f Ukrainian SSR. From the same
block diagram in 1963 the All Union Scientific Research Institute of Methods
and Technique of Prospecting made a small batch of serial apparatus for the

infinitely long cable (ILC) method, which records components and phase.

Fig. 21.
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Fig. 21 — a shows the external appearance of the generating unit of the
gbove spparatus, and Fig. 21 - b the appearance of meamsuring device. A4
modernized two-track automatic potentiometer EPF-09 is used as a recorder.
The measuring system and the system of key signal detector jointly with the
power-source are mounted in two blocks, set up on a split frame in the common
housing. This type of construction resembles the appsratus of aeromagnetic
atationa.

The oscillating appsratus of the above set is distinct in construction
from the similer apparatus AERA-58. 1t is more‘convenient for use in field
conditions and is emsily transportable by helicopter.

In 1959, the Institute of Automatics and Electrometry of the Agadenmy
of Sciences of the USSR began dovelopiﬁg and, later on, constructed &
set of devices for the infinitely long cable method, which measures
amplitude, phase and components of the signal taken /118/. The measuring
system of the apparatus is based on synchronous-quadratic reception /152/.

In 1960, the Academy of Sciences of kaainian SSR produced a few devices
of the AERA-2 type for aerial electroprospecting by the infinitely long cable
(ILC) method. In contrast to AERA—58 this apparatus measures and records
smplitude and phase of e.m.f., induced in the magnetic field det?ctors by the
cable field. The construction and block diagram of this appa}atus have been
described in work /90/ (see Para 3, chapt. x1v).

Except ILC apparatus, no other veraioné have been developed for the
combined szone. Information of foreign firms regarding this apparatus is
only of advertising nature. But the fact is well known that the apparatuslof
ILC method is widely used abroad.

3. The remote zons method (radiocomparigon d control).

The idea of using electromagnetic fields of broadcasting redio-

stations for geophysical investigations originated as far back as the



twenties. Subsequently, Soviet scientists /63, 168, 202, 204/ and those of
other countries /255, 266/ have investigated in theory and confirmed on
practice the possibility and expediency of utilizing for geophysical purposes
the electromagnetic fields of remote, comparatively high-freguency broadcasting
radio-stations. This trend of geophysical investigations has shaped into

an independent method of radio-comparison and control, and of radio-waves
mapping or profiling. At present for the study of the field's phase
characteristics some investigators suggest the wse of fielde of specisl
radio-stetions, which enit non-modulated signalis.

Thus it follows that the radio-comparison and control method is based
on studying field intensity of remote, broadcasting radio-stations
comparatively of high-frequency {long weve, transmitting in frequency band
150=-400 kcps.), snd also of special radio-stations (mainly superlong wave,
operating in frequency band 80-120 and 10-30 kcpa). This method, in
comparison with the induction method, has a number of virtues. Ag we know,
in induction method the measurements are effected in the near zone, when
the distance between the source and the field detector is ususlly very much less
than the wave length. The field's éomposition in this zone is quite complex
and the field's intensity, which is most important, decreases with the
distance considerably quicker than in the r emote (wave) zone, due to which
it is considerably more difficult to define relatively minor anomalies within
the zone of sharply varying field. 4t the same time, in the near zone the
attenuation of the £ isld with depth occurs much quicker. This mesns that
various non-uniformitjes on the surface a&ppesr in considerably greater degree
than +those in the subsurface. At great distances from the emitting
radio-stations, i.e. in the wave zone, the field of these atations is

gufficiently uniform. With the propsgation of surface radio-waves, the



electromagnetic field penetrates partially the stratum of the top layers of
the earth's crust (in the first approximation proportionally to their
resistivity). Therefore, knowing the nature of distribution of intensity of
the mengnetic field on both sides_of the interface air-ground in relation
to electric properties of rocks, it is possible to perceive the gecelectric
composition of the investigation area.

The depth of the radio-comparing and control method, depending on the
reaistivity value of cover-rocks, may comprise seversl to scoree of meters.
If the resistivity of cover rocks is 50-300 chm, the depth will be within
10-20 m. Using fields of superlong weve radio-stations (10-30 kcps},
the depth correspondingly increases 3-3.5 times /219/.

The mein shortcomings of this method: limited depth; possible distortions
of the anomalous pattern of the field due to short time variations of the
radiostations field (speéially in the northern areas and also during the
ionospheric disturbances and msgnetic storms); effect of conductors of
non=-geological origin (power and telephone lines, mstal structures, etc.);
effact of highly rugged ground; signal modulation effect of radiostations;
difficulty of exact quantitive interpretation of measuring results. However,
by maintaining certain techniques sgome of these deficiencies could be
avoided by obtaining positive effect even in difficult conditioms.

The zround version of the mdio-comparing and radio control method - its
theory, systems of applied epparatus, the technique and results of field work
are mogt fully described in /202, 221/. The experience of productive
application of this method in various areas of our country testifies to its
extensive possibilities in defining and mapping contacts of various rocks,
zones of tectonic dialoc;tions, ore bodies, quartz veins, lens of under-
ground waters, etc. The devices applied for ground work by this method are

FPINP-1 and PINP-2/222/.
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The development of the aerial version of this method is quite
promising, since, according to the physical principles of this method, this
version should have certain advantiages over the serial versions of the induction
method. The main merits of the method: no effect from the varying eltitude
of flight, since the use is of the remote zone, and the poseibility of flying
at an altitude of a few hundred meters without any mpprecisble decrease in
exploration possibilities of the method.

In working out the serial version of the radio-comparing and control
method special attention ghould be psid to the construction of the apparatus,
the choice of measurable constituents of the field and the mode of their
measuring, and alsc to the development of rational methode for measuring and
interpretétion of the results obtained.

By applying the ordinary measuring device of the field's intensity in
ground conditions it is easy to determine the amplitudes of all the
constituents of thé magnetic field, hs well as the azimuth and the angle of
gradient of its vector. In the aerial version of this method, with
continuous measuring in motion simultaneous recording of several enumerated
pearameters im rather difficult. Thergfore, at present the apparatus of the
serial version of the radio-comparing and control method records one
measurasble parameter. This parameter is usually the mean level of one of
the components of the electric or magnetic field.

In 1957, the All Union Scientific Research Institute of Methods,and
Technique of Prospecting (VITR) cerried out experiments with the use of the
pelitopter version of the serial RCC (radic-comparing and control) method.
Helicopter MI-4. The devices were pade in Moscow State University on the
bage of interference gauge IP-12. The initisl expsriments gave negative results

However, in 1960-61, positive results were obtrinedby means of the pawme



devices.

The geophysical laboratory of the All Union Scientific Research
Institute of Hydrogeology snd Engineering Geology of the Ministry of Geology,
USSR, used the helicopter version of the aerial RCC method for exploring
lenses of fresh water in the desert aress of Kara-Kum. The results of these
investigations were also positive. During the experiments, determinations were
nmade of the optimum sltitude of flight. It was found that, in the search for
large objocts, such as lenses of fresh water, opturring among saline ground
waters, the flight altitude had hardly any effect on the survey results. The
" 1imit flight altitude could be taken s 1000 m. Due to variation of the
field's intensity with removal from radio station on extensive source of survey,
corrections have to be inserted for variations pf the normal field.

To obtain the greatest gecphysical information, 1t is desireable to study
with the uge of the gserial versions of RCC method the phase composition of
slectromagnetic fields. Phase measuring provides the possibility of dividing
the fixed anomalies into ore snd rock products. However, the measuring
is hampered by the time variations in Phase structure of broadcasting
stationas fields, necesaity %o memsure pheszes ﬁithouf & key signal from the
source of the field, etc, Attempts were made 1o compensate the latter by
using additionsl ground radio-station, which would transmit the key signal.
However, this type of system was found to be rather complicated and the
possibilities of its application limited. A method was suggested of amplitude~
rhase measuring of radio stations flelds by comparing values of the measure-
ableffu:¢§constituents of the field in the anomalous zZone with the corres-
ponding values in non-quite complicated and was not developed practically.

More promising may be assumed the relative phase-measuring by means of
two combined reciprocally perpendicular receiving frames, similar to those
spplied in the AFMAG spparatus. If the axes of these frames are placed in

norizontsl plane, ratio determination of voltages induced in frames, will



make it possible to record the angle of the direction finder. With the
location of receiving frames axes in vertical plane, it is possible to
megsure the angle of gradient of the megnetic field vector. To reduce
the level of noise from the electric equipment of .aircraft, the receiving
frames should be placed in the outboard gondola.

Also of interegt in the =merial RCC method is the manner of measuring
phases, as suggested by G.F. Ignatiev /18/. The principle consists of the
following.

A device is set up on the plane for receiving signals from the ground
radiostation, consisting of receiver 1 {Fig.22), two master guartz oscillators
2 snd 3 snd the system of automstic frequency tuning (AFT). The AFT systen
consista‘of synchronous phase detector 4, circuit breaker 5, amplifier of
mismatching 6 and electric motor 7, coupled with condenser 9, which
periodically tuned in resonance with the received signal the quartz master
oscillators 2 and 3 with sccurscy upto phase. The phase-shifts sre measured
by means of the phase-control system, cut in turn by turn to both the
oscillators, consisting of synchronous detector 10, circuit breaker 11,
smplifier of mismatching 12 snd electric motor 7, coupled with phape-inverter
8. The phase-inverter 8 is, in its turn, coupled with transducer (not shown
in the figure), which is responsible for the cut-in of the pen far recording
the phase-shift between the voltage of master oacilliator and the received
sigpal. The given method allowes the obtaining of higher-quality geophysical
jnformation due to the fact that electric properties of the geological section
are being determined not from signal amplitudes of broadcasting and special
radio-stations of the long wave band, but from the variation of phsse-shifts

between the signal of radiostation and the signals of master oscillators:



set up on the sircrafit. Phase-information is more stable against interfesrence
than the amplitude information and less dependent on non-geological factors.

Unfortunately, this method has not so far been tested in practice.

Fig. 22.

Thus, the expediency should be: pointed out once more of the further
development of method, verification of theory, perfection of apparatus,
etc., in order to produce quicker commercial samples of apparatus for geophysical
exploration by the merigl RCC method, the potentiality of which kas been

proved by the investigations'(loﬁ, 202) carried out.
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Chapter — III « PRIMARY HARMOUIC ELLCTROMAGNEYTC FILLOS,
USiD IN ARRIAL BLECTRIC PROSEKCTING.

1. Formulation of problem.

For constructing a nerfect appsratus and developing an investigation
method, in gerial elecfric prospecting, it is most important to have, besides
information as to the chosen geometry of system, competence of generating
response in receiving apparatus, noise level in detectors of electromagnetic
field, end also data of primary snd secondory electromagnetic fields.

In order to provide a sufficiently complete picture of primary electro-
magnetic fields, used in aerial electric prospecting with harmonic field, this
chapter will discuss fields of a single oscillating dipole, of ¢ircular frame
with current and circular rotating megnetic field, applied in neer zone methods
(induction methods), field of rectilinear infinitely long cable, applied in
methods of combined zone (BIK method), and the field of long wave broadcasting
and special radio stations, used in methods of rewote zone (radie-compering and
control method).

The reletionships, shown below, for parsmeters of primary fields, used in
near, combined and remoie zones, make it possible to define the specifics of
these fields (these gpecifics are of significance only in aerial electric
prospecting).

Voreover, snalysis of the structure of primary fields, within location
zone of receiver, artificially excited by various types of exciters, should
provide answers slso to guestions as to the parsmeters which are possible to
be determined and the kind of shielding against noise that should be provided
for receiving and mezsuring devices in these cases.

The main éroups of electromagnetic eventg, studied by methods of

serigl electric prospecting, correspond to psriicular form of Maxwell's
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series of equations (18, 83). In the near and combined zones Kaxwell's
equations for time harmonic eslectromsgnetic fileld are usually written

in complex form as follows(75,162):
s+ 8
- JOAHE

)
)
L = EH ; )
B = 1. )

Por a quasi stationary field or a field, in which the variation

rot

rot B

(1711.1)

processes pass suffigiently slowly, the right/hand portion of the second
Haxwell equation {I11.1) Qiffers from zero, i.e. the given equation depicts
in differential form the law of electromaghetic induction.

The series of equations (II1.1) is resolved, ordinarily, with an
estimate of boundary conditions and idealization of lower half-épace as a
uniform medium, and taking into account geometry of syster in real aerial
survey.

In rermote zone wave type expansion of electromagnetic field takes
rlace, wiich can be determined by Umov-Fointing Qector, directed along the
movement of propagating wave (52):

S = IH, (111.2)
where H™ - conjugated complex of magnetic field intensity.

In this case:
E = EmeJ( Ot YL 5_ed OF, (111.3)
(s » .
Bo=n Gty IO
m m
where Em and Hm - conplex tension amplitudes of electric and magnetic Tield
respectively.

» WL JAagr2
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Resolution of the series of equations (111.1) - (III.3) with certain
allowances permits, for practical purpose with sufficient accuracy to
characterise methods of aerial electric prospecting with hmrmonic field
and their versions. In partic%lar toﬁ many allowances are allowed in the
use of near zone method, the nuitber of versions of which used in the
aerial electric prospecting is considerable. For instance, primary field of
induction aerometheod, excited by oscillating frame locatedrin the
aircraft, is analyzed on assumption, that this frame and sireraft
are both in uniform medium (air) at an altitude, where the effect of earth
surface could be ignored without any detriment to accuracy of calculations
(69, 132).

It should be pointed out, that in near zone versions field detector
could be located in relation to oscillating frame outside the contour,
formed by turns of oscillating frame, and at distances considerably
excesds dimensions of contour (spread out frames), as well as within this
contour or in its immediate vicinity {combined frames). Accordingly, the
approasch to deduction of relationships, characterising electromagnetic
field at the point of field detector could also be ambiguous: the
oscillating frame could either be tsaken as magnetic dipole, or as a
closed loop {(cireular turn) with current.

In aerial versions of induction method with source and field detector
spread out in space, the oscillating frame is frequently located in
horizontal plane parallel to ground surface (see para 1, chapter II). But,
~if the application is of more composite constructioﬁ of the oscillating
frame, e.g., as in the version of rotating magnetic field, then out of the
two frames, generating this field, one should be located in the norizontal

plene, and the other - in verticel. Field detectors in these versions are



invariably placed in ocutboard gondola, towed by plane or helicopter by
means of wire cable. The gondola is placed in vertical plane passing
through the aircraft in direction of its motion. Orientation of field
detectors in relation to oscillating freme varies in accordance with the
chosen version,

In deduction of relationships, which determine the primary field in
the near zone for versions with the spread out in space source and field
detector, the consideration is only of induction zone. Primary field cen
be teken as quasi-stationary end the effect of electromagnetic field
expansion need not be taken into account(’162). Simultangously the zone
in the immediate vicinity of the field's source is excluded, which
permits to éonsider tnis source, ie., oscillating frame, as magnetic
dipole, characterised by & certain magnetic moment‘a. Therefore, the
oscillating frame, in this condition could- be presented as a point source

(point magnetic dipole) with megnetic moment m = Emz, modulug of which is

n, = /i/ w5,%p . o (I11.4)
and the direction coincides with axis 0Z, as shown in Fig. 23.
In formula (III.4) i, w, 5 - are respectively current, number of
turns and the areca of the frame. It is szssumed, that the current in
oscillating frame is harmonic time function, i.e. 1 = Im ain (50 t + *&Ji),
and is shown by complex amplitude:
I =1 ¥? (1I1.5)
and magnetic moment of dipole Ez with positive valués of current in
oscillating frame is directed along the positive semi axis (2,
The adopted conditions are satisfied also in the case of rigid

fixing of source and field detector om one aircraft with comparatively less



Pig., 23.

space between them, but only if the geometrical dimensions of the source
and detector are considerably less than tnis apacing {i.e. less than

the spresd between the franes) if, on the other hand, the receiving
frames are arrangéd in the immediate vicinity of the ocgeillating frame,
then in the estimate of the priﬁary field it is necesgsary to take into
account the configuration of the oscillating frame. The intensity of the
magnetic field is, generally, caslculated from more composite formulas,
containing elliptic dintegrals of Bessel's functions. Only with
disposition of receiving frame, within the plane of ¢scillating frame,
but outaide its contours, will there be . the constituent of primary
field, parallel to axis 04 (the other constituents are not present),

calculations of which present no difficulties.

In the aerinl version of induction method, when the receiving freame is

disposed within the oscillating one, the primary field is calculated by
methods, appled in determination of intensity of magnetic field of circular
current near the center of the circular turn, etc.

In caleculations of the field in aerial EBDK method there are some
specifics. ¥First a resolution of wave squation has to be found, which or
the lines of space at certain points has the type of property, that when

approaching them the field strives towards infinity in a certain way.



Then follows determinaticn of the field's behavior in the vicinity of these
points for unambiguous determinstion of the nzture of the finite, but
insignificent in geometrical dimensions source, which generates the field
of the indicated compogiticn (30, 75).

In estimations of remote zone in seris} electric prospecting, no

gpecial sllowances are allowed.

2. Hoenetic field of g single oscillating dipole in uniform space.

Let's take an oscillating dipele with magnetic momentjﬁ, situated‘in
uniform space and having a random orientation in respect of the adopted
syaten of coordingtes. The dipole of oseillating point with randonm
direction of magnetic noment is in the center 0 of rectangulasr system of
coordinates, as shown in Fig. 24. In this case for magnetic moment m of
dipole we get the following equation:

me=dim + 3m_ + km_ =m +m_ + @, (111.6)
b4 v Z X v z

vhere m, m and mo- constituents of the moment on axes of coordinates,

mo=1im my = gmy ;om = kmz s i, J and kX - single vectors {orts).

Vector magnitude of magnetic moment, i.e. d1ts modulus
F____——-——‘.'“'
- “\{ 2 2 2
m=/m/= + \’mx tmgoem, (111.7)

and the anglescy, ,Ia and Hf, formed by the positive direction of axes 0X,

0Y and 04 with vector m, are determined by relationships

003/5 =7%}— 3 COS Y =7;1—‘;v— . (III.S)

If magnetic moment of dipole is oriented =long axis 0Z, according to

-

i}
cos dJ: 7’%7

most of the serial induction methods (see Fig.23), then m = mo =0, m, = ius,

m = km = ﬁz (see term (IIX.4)).



How let's pass on to the anslysis of magnetic field, generated by this
dipoleat the arbitrary point P of = uniform space, and determine the
perceptible by field detector constituents at this point. For calculation
of the field we use vector constituents of magnetic field intensity
H_, Hy, H (in Cartosia? coordinates ) and H, B g ,H 6 (in spherical

coordinates).

Fig. 24.

Vector of magnetic field et point P, by radius-vector r (fig,25),

will be accordingly /198/

T = 3(m';)g .- = (IT1.9)
47T 4 e

In spherical coordinates the terms for constituents of vector B at
the given point P have the following form /83, 162/:

radiel constituent

2m_cos 6
H = Z R (111.10)
470 r
tangential constituent
mzsin 8
i = C (111.11)
4 Tr
azimuthal constituent
5= 0, (11I.12)

" where r, § and P - spherical coordinates of point P in relation to

origin 0, located in the center of oscilleting frame (see Fig. 25).



Due to symmetry in respect of axis 04 / equations (111.10) - (I1I.12)/,
expressed by the independence of the constituents Hr’ Hy and B¢ from
angle qj » the selection of the zesro or meridional plane, in respect of
wnich the azimuth reading is being taken, could be arbitrary. Therefore,
if this is not stipulsted, we will assume, that the given plane passes

through axis CX, and the point P is in the plane Y0Z.

Fig. 25.

In these conditions the perceptible in seriel induction method will
be either vertical or hnorizontal constituent of the primary magnetic field
(with one receiving frame) or both simultaneously (with two receiving
froames). In Fig.25 the vertical constituent Hv is parellel to.magnetic
moment of dipoleée, and thé horizontal Hh is perpendicular. To ensure the
reception of the chosen constituent of the field, each receiving frame is
given a corresponding spatial position., Therefofe, in order to find the
intensity of e.m.f., induced in receiving frame of one or another
congtituent of primary or resultant field, it is necessary to have terms for
determination of vectorlﬁ modulus of the primary magnetic field intensity
as a whole, as well as of its constituents - vertical Hv and horizontal Hh -
as functions of the oscillating frame magnetic 'moment and coordinates of

the location point of receiving frame in the chosen system of coordinates,



Vector medulus

/E/= Vus+uf, (II1.1%)
Substituting in this egquation terms (III.10} and (111.11) arnd implementing

simple conversions, we get

Ju g VIS 2 g ape —

4‘Jrr3 2 2

81T
: {111.14)
mzfj.

On the basis of Fig. 25 when the terms (IIT1.10) and (III.11) for

vertical and horivontal constituents sre taken intoc sccount, we find the

following parities:

=s
L]

g = H, =H_ cos 6 -856 sin B ;

(111.18)

— - . . (> ]
Hh = Hy Hr gin & + He cos B2

Substituting in equation (III1.15) terms (II1.10) and (III.11) and

implerenting simple conversions, we obtain

m
H = — g {1+3cos20) ;
R (1I1.15%)
Hh = —-"}'}-%"" 3 gin 20
8 T

We bring in signs

%(1+3 cos 28) =¥y ({3}), g- gin 2 9:?2 (2).

Then
mZ- 9
B = — F, {8);
v 4T r5 1
m (111.16)
A = —EF, (&)
h 4 ?\i r3 2 -

Angle between field vector H and dipele axis

H % gin 2 €&, (111.17)

= arctg .h = arctg - ~
: Hv 1+3 cos 2 &
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If'we follow the variation progress of relationships F1 (8) ena F,
-(9 ), vhich enter into formulas (III.16), with angle 6 verietion from C
fo 1800, we would get the directivity pattern of vertieczl and horizontsl
constituents of the intensity vector of the primary magnetic field in
horizontsl oscillating frame (¥igs.26 and 27), With the set w_ and r
it is poseible to determine from these relutionships the intensity and
sign of the constituents Hv and Hh for any point of space surrounding
the oscillating frame.

The directivity curves (see Figs.26, 27) are symmetrical in
relation to axis 0Y and Oi. Therefore, change of direction of oscillating
frame magnetic moment t¢ the opposite does not change thg directivity
pattern. This is of significance for further correlation.

Let us pess on to deduction of relations determining the constituents

Hx’ H_ and HZ of the intensity vector in magnetic field of oscillating

¥
dipole for the arbitrsry observation point P (Fig. 28). Formulas of

trensition from gpherical coordinates to¢ Cartusian retaining signs taken

in #ig. 28 we write as follows:

-

x = r sin @ cos; qpr ='fo2 + y2 + z° ' y
: - I
= r gin sin@Qyr Q= arct I11.18
v 5‘ R, = arctz 3 ) )
| "“/x2+ 2
Z=1rcos @ ; H= arcte ZV ¥ )

¥rom ¥ig. 25 and 28 it follows, that

. . _ Y
H, =H cos ? ; Hy =H sin ;3 H =H . (1r1.19)
Substituting in equations (IIT.19) values of constituents Hh and
B accordingoformulas (I11.15) and (II1.16),we get the terms for
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L B

¥ig. 26 Fig, 27 Fig. 28

constituents Hx’ Hy and HZ as functions of spherical coordinates:

, m
H o e BSinEE’cos ;)

X g J‘Tr?) ?’ '

m ) (111.20)

H =——=—r 3 gin 2 sin 3

¥ 8 j’]’r3 7:,

m
2 . _

B = = (1+3°cos 28§) . )

z 8.77':63

Since

. X

sin = 3 cos P= —mmm———
(P X5 y2 GP x +y2
then
BEx = Z 3811128“""‘”‘"}‘:‘"'"‘_"‘;)
8JTr3 ‘/x + ¥
o ‘
By= 23 3 gin 2{9—-——-‘V—-—’) (I11.21)
8 Tr 2 4 y2
m,

H =——t-r—-3—(l+300826). )

z 4 e
8fIr
Let us express sin 2 @and cos 2 Pin terms of Cartusian coordinates

Using trigonometric conversions sin 2 9 =2 sin § cos 5 = 2 Tﬁ%%—

and cos 2@ = cos 25»- sin® B= ———2—-5—— - 1, we find
1+ tg &
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—"
22-\/ x2 + 2 = L - X2 - V2
sin 2 9: 5 yz : cos 29“:’*
X +y + % X"+ ¥ + 2
(111.22)

Substituting in equations (IXI.21) the determined vsiues sin 2

and cos 2 @ , we finally obtain

s ___.5_.3“2 XZ
H = - _ = e
¥ 4JT(X+y+Z)5/2 4 JTr
(111.23)
i Bmz amz Z
H = vz = T
Yo 437 (2By%se?) 5/2 4 j!Tr5 ] }
m
_ 2 (222 - 52 —52)
2 4TT(X +y +32) 5/2
m
= '——Z-‘-g' (322 - 19), J
4 TTr

&3 232 - x2 - y2 = 322 - (x2 + y2 + zz) = 322 -r

For the intensity vector modulus of magnetic field of dipole we

write

= 2 .2 2
: = . IIIL.
/J B/ \}Hx + Hy + H (I11.24)
Substituting in equation (III.24) vealues of constituents from

terms (1II.23), we find the value for modulus in terms of Cartusien

coordinates;
JH /[ = b(x r y° ) + 2z (5%° + 59° - 429)
4 J7 z (11I.24a)
Since
= »22 + y2 + 22,
then
JE/ = V——i—— + 1. (III.24b)

4Irr



In terms of cylindribal coordingted vector modulus will be

L

i} z2
Z b -
5 2 + 1. (IiI.24e)
477.(/92%2) 3/2 2,2

Similarly deductions are made for constituent determination of

JH/ =

the intensity of the field in oscillating dipole with magnetic momeht,
directed szlong axes 0X and OY.

For instance, for dipole EX with magﬁetic moment’directed along
axis 0X (my =m = 0, m= me = Ex); constituents for the same observation
point F in spherical coordinates (see Fig.25) with denotation of the new
polar distsnce by will be written as:

2m_ cos @
e cosg )

H =
T4
mx gin 6, :
i = T — ) o (ITI.25)

4 77 r3
H(P'-_— 0. ) )

(the azimuthal constituent E ?D due to symmetry of the field in relation to
axis OX will not be present). Constituent Hx’ hy and hz of the same

dipole in Cartusisn coordinates will be obtiined as

By -t (52 - D) )]

x 4uﬁrr5
3mx
H = ——-5— X¥; } (I11.25a)
¥ AJT v
3m
H oo X : Xz, }
2 a7 J

For modulus of magnetic field intensify vector we will get

equation:

/8/

= 2}{ 535/ V;(4x2+5y2+522)+(y2+22)2
4}T(x +y +2 )

m 2

=———3§‘— > SN (111.26)
47~ ' :
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In cylindrical coordinates modulus of vector H will be

determined by relationshp:

By 3 Z)z cos
H/ = . (1711.26)
/o 477 ( f2+22)3/2 /p2 + 22 *

Let us analyze the nature of changes in relations Fl ( B) ‘and

FE ( 9) from the viewpoint of selecting optimum system geometry for

aerial induction method.

Fig. 29,

From Fig. 26 it follows, that the best geometry in measuring
vertical component of resultent field has the set up with the drift angle
of gondola ), near to 54%45' (vertical constituent of the primary field
is not present). With the rigid geometry of system oscillsting-receiving
frames, the resultant field at the point of reception will be determined
only by the secoﬁdary field. However, it is practically impossible to
obtain this rigidity of the system's geometry, therefore, negligible
deviations of the receiving elemnt from the verticel will result in sppearance
of varying intensity noise, caused by the primary field. Due to constituent
Hv' being highly dependent on angle a » the unstability of interferen ce
will be‘very high (when the polarity of the interference is varying). This
relationship is less strongly defined at points, where ﬁ = O or 9 = 90°.

The indicated points are most acceptuble for receiving element (vepacially



with é? = 900), in spite of the fact, that at these points magnitude

of the vértical constituent will be maxirmm. In this case it would be

better to compensate the constant interference by elegtric mearns.
According to-Fié. 27, the best geometfy for measuring horizontsal

component of resultent field with rigid fixzxing of receiving frame will

have the set up with drift angle being zero or 90°. However, these points

h on angie E}, therefore, the

instability of interference here is also maximum. At 6 = 450 the

evince the highest dependence of H

horizontsl component is maximum and the unstebility of interference is
minimum. Hence, points with angle 69 » equal to zero or 900 for vertical
constituent and B = 45° for horizontal are the most acceptable for
placing field detectoré, since &t these points interference from changes
in the system's geometry is minimsl.

Hence it follows, that it is possible to plan seversl patterns for
the apparatus of induction method {single-plane or helicopter) with the
spread in space of oscillating and receiving frames. The different
patterns are determined by the locetion point of receiving element in
reapect of the field source, as shown in Fig. 29:

1) 5 2 (point Pl) - helicopter pattern, when transducer
(oscillating freme and detector (receiving frame) are located on one
vertical line;

2) 8 2=45° (point P2) - "Canadian" pattern;

3)9@650 {point P3) - induction method pattern, reslized, for
instence, in spparatus AERI-2;

4} faé§5900 (point PQ) - plane and helicopter pattern, when the

tronsducer and detector are at the same altitude.



3. lagnetic field of eoscillatineg frame in the form of a

circular turn with current.

Let us analyze the basic means of determining the intensity
conponents of the primary field near the cscillating frame in case, when
this frame could be takes as eircular with turn radius R and energized by
current with complex amplitude Im. lie assume, that the distance between the
frames is comparatively less (radius of oscillating frame is glightly less
than the center interval of oscillating and ieceiving frames). 'This type
of set up refers to patterns of aerial induction method with combined
frames.

We use the cylindrical coordinates f » @, z. bkxis OZ we direct
along the axis of circular field, snd the center of turn place at the
origin of coordinates, as shown in Fig. %0. In this caese, as we know,

the field of e¢ircular current does not depend on coordinate (P .

e T

‘;& Z
s r
{
7 .
0 R i
] R ¥ i
@ ;
|
Prc. 30. .
i |
I'ig. 30.

In the case under analysis the vector potential & is perpendicular
to planepOZ, i.e. it has only one constituent A , which is determined by

reletionship /297/: bid
i ‘Pfa/ olm j 22 cos P 4 P __/’uoﬁlm r coswd P —
4 . R% p2+22-21{ Peosp 2T O’VRE+ P +2°-2K Pcos P

I T
=,u ﬁ({)—) L( 1-4k%) K - ,,] (111.27)




where k° = 4R ‘}P ®R+P)2 4 22 ]; K and Y - funotions R and P '

determinable Ly total elliptic integrals of the first and second kind.
1

o

(ITI.25) it is possible to determine constituents of magnetic field

Since B =/a"oﬁ =rot A end H = rot E, then from reletionship

intensity:
fg 1 m” R +P +z
Hf?= B
2 Ir f&ﬂﬂ’) 2+z27 [ (k- 0
1w [TI g2l 2 ze J? \
H = K 4 ———— (111.28
2= 2 T [(R+P) ]2 ' (5-P) 24
H?P: 0.
1 21 %:h )
T P 2 ' 4 , then
T R P
H = 5/—“— ‘ )

(1II.28a)
2

R Imw ip?. )
g 4r3

H’P:

If in these conditions the receiving frame is placed in the*plane

]
Il

of the oscillating frame, but outside its contour (z = 0), it receives the
vertical component, since the primary field has only one component - Hz’-

perellel to axis Q4 (H = § = 0), which could be determined from ratio

Imw R2_*P2 : (
b (& o

At D =0, i.e. on the axis of the frame's turn, the tield also has

only one component, directed along the axis 0Z:

2 Y 2.
R°T w B 7] on¥ RI_w

30T a2 4 5?) 3R 2

(I11.30)



In the case of receiving frame, being in plane and within the
contour of oscillating frame, but not in the center, the component of the

primary field will be determlned by ratio ﬁBZ}

I w
‘ ™ (I711.7%1.
H = ’
2 rr(1-k%) “j:r 1 - (k sinY)Za Wy

where k = ~i}' 4:‘1 (r -~ distance from the center of turn to point P, at

wihich the primary field is being determined (position center of the

receiving frame).

. . , 01_-_ﬂ .
. JZReceiving . = = oy
Generator |\ | antenna - . Zg 4
ante?nghj ; : - o > ;
¥ o ] P
_ o i e - ,”J
Fig. 31. Pig. 32.

The determined integral in equation (III.31) - total ellipticel
integrel of the second kind E (k,'lg;) is determinable from table

according to the value that, k = sinéIBE/.

In the center of the freme's turn, when k = —%— = 0 (coordinate

= 0), we have E(k) = 1.57[29). Therefore, from formula (III.31) we

find:
I W Iw
H = m mn
2 Twaan(i-0) 07 = o

Thus in the center of the circular turn:

H, =4 . (I11.%18)

Conponents of the primary field could be determined from someuwhat

different formulas on condition, thut the center of the field is



arbitrarily displaced in relation to the center of oscillating frame.
Here are the basic relations for the calculations of primary magnetic field
et point of field detector for this case.
For conveniénce of calculations we assume, that the oscillating
freme has the shape of & circular loop of radius R with number of turns
W and is energized by harmonic current, shown by e complex amplitude Im'
gnd the size of receiving frame (coil) is immengely less than that of the
oscillating frame. The field detector receives either Hy or Hz component,
depending on his position with respect to the oscilleting frame (fig.31).
It we take the circular loop axis 0'Y for the initisl axis of
coordinates, as shown in I'ig. 32, then for points on axis UY with 6 = g0°
end r = y (r - length of radius-vector, f} - poler distance to point P),
formulas for complex amplitudes IIy and HZ of horizontal Hy {t) and vertical
Hz(t) components of the field's intensity B with accurscy upto terms of

the second order of smallness {higher precision in components determination

is practically inexpendient) would heve the following appearence /128, 252/:

y /05 8 4 r5)

Rzz ¥y yz
E = 0,75 Imw—-—"—- 1 - =2 -'%"'—-(3‘&2— 422 )};
o o (111.%2)

fan
1

2 2
K 1r—— . L (8% .49
2 4 el 0

© fDO

= 0,5 Imw

where g, = oot .

At the origin of coordinates, at point 0, we have

om5 I R%w
i = 0; HZ = ——D
SN

i.e., we arrive at the term corresponding to the formula (111, 30)
In case Zo= 0 that is to say Po= R; in the centre of the obtained

generating frame (at point 0).



~ 0,5 Imw

y By = R

i.e. we arrive at the term, corresponding to formula {III.3la).

4._Circular rotating magnetic field

Let us deduce the principal relations for magnitude and direction
determination of the intensity vector of rotating magnetic field ﬁ;ot
in a uniform space. PFPosition of éxes and oscillating frames (dipoles with

magnetic moments Ex and ﬁz) is-shown in Fig. 33. Ve carry out calculations

for arbitrary point P with Cartesiun coordinates X, Y and Z.

| z I k
; gitzi Hy 1
P ]
. éa;w;
. He ‘
HEiHy
r
_ z
. Mg g
m”ﬁ | ‘
" B - ¥
m KL . Z I
H
: / §
X ] :
' Fig. 33.

The sources of the field - dipoles E% and m; - are placed at
the origin of coordinates. 1In the case of rotating magnetic field moduli
of the magnetic mwoments of these dipoles will be /130/:

m =@ cos t;
2 = By A

(111.33)

m
X

i

m sin & %;-

where according to equation (III.4) mo = st



!

The intensity compoments of the field of dipoles m and m_ on lines
of coordinates 0X, 0Y and 0Z are determined from formulas (111.23) and
(ITI.258) respectively. ] -

The resultant intensity components of roteting megnetic field B

are determined as sums of corresponding intensity components of fields,

generated discreetly by dipoles with moments ﬁx and EZ:
kP = u¥ 4+ #%;, uP = BF + H%; ®P - B¥ 4 O,
X X X y ¥ y z z z

Therefore, according to equations (III.23) and (III.25a) we get:

P Tx (3322 ) : Z )
H = — = 1) + —— xa;
% &]’]‘r3 = 4 T
B = —2— y (mx + n,2); ) (111.34)
¥ 4“1‘ '
3m i} 2 : .
HE:-——XS—xz-c— 53 (_,1:_52 -1).)
47r 4JTr r

Substituting in equation (III.34) x, y and z from formulas (III.18),

we get the terms for components of vector #P as functions of spherical

coordinates:

m 3mZ

Hp = IT (3 sin (Pcos ‘P- 1)+ -—-r 3~ sin fecos & cosP; (IT1.35)
4 Mr 44fr
3mx 2 om Z ‘

H§ = 7 3 in 6 sin (Pcos P-i- ——-_5,'— sin & cos e SinT;
4 It
3m

Hi = :;—]—T—r— sin @ cos @ cos ?+ (3 cos 9- 1).

Substituting m_ and mz from formules (III.33) in (III.35), we get:

8 coséd t - bx singdt; )

gP
X

H§ a, 08 @Ot - b sinGt; ) (111.36)

f

P
Hz a, cos) t - b, sin dt, )



T‘i":' . -87-

where
Zm
ax=—J‘3'sin6cos@ cosCP; \
4 r
3m &
s = —2— gin © cos @ sin P;
Y o4t (111.37
o 2
a, = 3 3 cos @ - 1); J
47lr
n 2 2 :
bx=-—~—g--3—(3 sin” @ cog P -1 ) \\
4Jt r
3m > .
b= —%— sin“ 0 sinPcos P ; (111.37-a)
¥ 3
49 r >
m
b, =—J-_;;- sin 0 cos 6 cos P,
4Jr =
Vector E P could be shown as
B = a cost0t - b sin(0t (1I1.38)
where
a=1ia_+ ,jay + ka_; b=1b_+ jby + kb, (111.39)

With an estimate of equations (IT1.37) and (I1I,37-a) we get
m
\51 = 03 |/3c0529+1;
438 r
, m ,
Il =—--3'—" 33in290052(.‘P!+1
49T r

In accordance with parity (I11.38) vector E can be taken as a

(111,40)

[

=]

aun of two vectors (30) :

ﬁl =acostOt; I'fIZ = ~ b sin W+, (T11.41)

moduli of which oscillate harmonically with the same frequency. These

pscillations are shifted in phase at 90?



It is well known, that addition of fields of two vectors with different
directions, moduli of which vary harmonically with the same frequency and
bhase-shift, different to zero, produces the so called elliptically
polarized field. The end of resultant vector of this type of field
describes in space an ellips, lying in plane, determinable by direction of
vectors a and b, which are its semi-axes.

If simultaneously /a/ = /3/ and /ba/ = 0, there would be & circular
rotating msgnetic field. This condition is met, when B = P = 90°, i.e.

m
at points on line OY (or line 0Z}, when fa/ = /B/ = _0______5_ . In this case
4Tr

the plane, on which lie vectors &= and b, is perpendicular to line 0Y (or 0%).
At any other peint the curve described by resultant vector, is an ellips.

The modulus of resultsnt vector is determinable from equation.

VEP] < -Viﬂﬁ)z + (H§)2 + (Hﬁ)z. (111.42)

Substituting in equation (11I.42) values Hi, H? and Hﬁ from equations
(III.34) 2nd tsking into sccount parities (ITI.33), after appropriste

conversions and simplifications, we find the modulus of resulting vector in

Carteaian coordinates: /_v__’_____’_,_,_,’
m 4 . - 2
\/ﬁp/ - ) “d\ Z{x sin %t - 2z cog (J1) + 1. (171.42a)

4fTr3 r2

Substituting in equation (ITI.42a)values Hz, H§ and Hg from

equations (III.35), we get the value of vector H® in spherical coordinates:

m Scnp il
/EP/ = g \g gin? Ej)cosz (Pt + 3 cos’ Ocos® Wt + 1. (IIT.42b)
4Wr "

The angles of gradient of this vector pertaining to lines 0%, 0OY and 0Z

respectively are as follows:
1P
O, = arccos —"'”Ei'z{m H )
] 1
/ B/



HP
ﬁ: arccos —4— ; ) (117.43)
/H/P
HP
z
Y = arccos .

/8/P
For determining position of polerization plane in space in Cartesian
coordinates it is necessary to deyermine the direeting cosines of angles,
formed by perpendicular to this plane and the lines of coordinates.
The single vector‘of the ellips piaﬁe pefpendicular can be

determined from formula:

= 7{5%7—, (111.44)
ba

where('ﬁ E) -vector product.

Therefore, from formulas (I1¥.44) and (II1.36) we get:

N ba -ba
cos Of= cos (n, X) = —L th 2.3, ;
~ ba -ba
- = ; 111.45)
— e D) = z X Xz _ (
cos/ﬁ os (m, ¥) = 3
) o bxav - bvax
cos Y: cos (n, %) == a '

where cos O, cos /3 and cos Y' - directive cosines;

- 2 Z 2
a = /() \floa, - ,2)%+ (e, - ba)+ (ba - ba)”.

(I1T.46)

Having substituted in parities (ITI.45), (II1.46) values 8yr By

X by, b from equations {111.%7), (II1I.37a) and caerried out appropriate

trigonometric conversiong, we finally obtain:

&
’ 7!

b

cos oy 200 050 @ oo @
_V4 - 3% gin” G sin P

2 = 3 Sin2 Bsinz 9;’. (111'47

/5=V4 -3 sin’ ) sin" @

cos




cos Y 2 sin ﬂ ﬁ gin ‘:P )
v- 3 3111 Bsz_n CP

The obteined equations make it possible to calculate primary field

at the placement point of receiving frames P (Fig.BB) for a single-plane
patterh of induction aseromethod with the use of circular rotating
negnetic fiéld. This pattern is not free from the effect of chenges in
geometry of the system, as confirmed by some of the authors (e.g./ll?/).
Even on condition of'ensuring the required sngle, between the oscillating
frames, polarization plane of the eircular VMP* at point P will not be
perpendicular to line (Y (or OZ). Therefore, the effect of zngles U

and Qﬁ‘on polarization plane dip will not be eliminsted. Giioreover, even
with perpendicularity of vectors a and b (phase shift of e.m.f. in

2

(III.#O), are not reciprocally equivalent, i.e. vector of resulting

reception frames by-—lLJ moduli /a/ snd /b/, on the basis of equation

field describes an ellips with rotation around its axis. Thus, e.m.f.
induced in receiving frames after obteining time ghift of one of thenm
by'ﬂg} also will not be reciprocally equivalent in amplitude and their
reciprocal compensation will be disturbed. |

In orde; to obtein move-ocut of signals equal to zero, it would Ee
necesssry- to lead ih, besides the phase-invertor, alsc amplifier with
conversion factor other than one (this factor is the function of
coordinates) or to change the intensity of current in one of the

oscillating frames.

For a two-plane pattern of VIF (see Fig.16) the rotating fleld will

B P = 90°

be circular along the line OY, when conditiens /a/ = /b/ =

* VHY = rotating magnetic field.



are gstisfied. The plane, in which lie vectors a and b, is in this
cage perpendicular to line 0Y, i.e. - flight line of the first plane.

The resultant vector of megnetic field, retaining its modulus
invariable, rotates around the flight axis of the aireraft with
oscillating f?ame at anguler velocity, equal to angular .frequency of the
current, which excites the field. uith the similar perameters of
receiving frames and the presence of a uniform medium in the area of
flight, the primary field will induce in receiving frames variable
voltages similar in amplitude, ©but shifted in phase by 900. Since one
of these voltages by means of a special phase-invertor turns in phase at
90O and is subtracted from the other, the_resultant output signal will
be equal to zZero.

According to the symmetry of the spread, shown in Fig. 16, with only
the primary field present some chnages in rotation angle of oscillating
and receiving frames around the axis 0Y, and also the simultanecus
variation of current amplitudes or initial phases in both the oscillating
frames will not reéult in appreciable change in the balance attained.
Only in the presence of a seccndary field distance variation between the
mobile objects will slightly change the value of unbalancéd signal.

On the basis of determining characteristics of the near zone
aeromethods (induction geromethod) given in chapter I1 and relations
obtained in paras 2-4 of chapter III for calculations of primary field
at the point of field detector a summary Table 1 has bheen composed.

Data of Tgble 1 permit to determine the relutive megnitude of
mechanicel error in the analyzed patterns of induction aeromethod.
Enowing perameters of field detector it weould alsc be possible to calculate

the absolute value of mechanicel 'interference. The value of this



interference for the patierns of the first group (see para 1 Chapter 11),
except the single-plane pattern of ViiP, is determined directly from

formulas for the value of primary field component, received by detector.

For the single-plane version of VM of the first group and versions of
second group the magnitude of interference is indirectly directed from
formulas, which take into account the difference (ratio) of signsls, induced
in detectors by the received components of fhe field. In both the cases

the value of mechanicel interferencé depends on parameters of the’primary
fields sources and coordinates of field detectors (their position in
relation to field source). Practical methods for determination of

mechanical interferences are discussed in chapters IX and XIIT.

5. Field of the rectilinear infinitely lons cable.

The field of infinitely long cable with assumption of the uniformity of
earth was initially calculated by Fok and Bursian (213%); the field of
finite length cable is discussed in works (41,42).

In aerial elecfroProspecting in calculations of the cable field the
snalysis ig, usually, of ifs quasistationary approximation. It is assumed,

that for 2ir the wave number ko = 0, and for earth:

]

k=2 Ve J 2T (- ) af—i—, Wil
c PA 10

where [/~ specific resistivity of earth, Ol . K;

f - frequency of exciting field, cps.

Constituents of the cable's magnetic field X is found from the values
of vector-potential & (K - rot, 4). It is convenient to resolve this

to
problem in rélative dimensionless coordinates according Dmitriev (68, 6¢):



-9%~

€1=12[x=2]/2? )‘ ﬁvr—?i—

where - wave length within the earth; x, z - coordinates ( see Pigs.5 and

41),

Expressing constituents of the cable's magnetic field in terms of

horizontal component of vector-potentisl Ay, directed along the cable,

we get: .
B =102 ¥2 I '355,
X ?>£2
v Vo ?i
B =100 22— 1 —% (111.48)

s " A 261

whera I - current in cable, a.
Ay value is determinable with fulfilment of the following conditionsg:-
A_Ay=0at (f 23>0
A.ﬂ. —jAy=Oat£,_<0;

(III.49)

Ay and '& X are continuous at g 5 =
R

Along the cable 4 =wlnr at cf,l -0, & , = 0; in infinity 4 = O,

As a result we get:

cos 6 tdt
Ay 2 S a §2t .'/ at 62>0;
% 51/4 B tz i (I111.50)
2 cos tdt .
e +J S '
by = ESB T/t r 3 o &L 0.

With an estimate of equations (II1.48) and (III.49) for the

constituents of magnetic field above the ground surface we have the following:



expressions: o0 ; &
. A i - ocos
H =10 G 2 I S e izt F—A_l dt;
! 0o o € tf,* J (III.51)
I = - 1073 2 Vo ISG_éEt ain & .t
' z P ) t+ v 2+ 3

Integrals in equations (111.51) are shown in the form of series and
.
are determined by term-by-term integratios.
t
If the field is analysed at -ir-:?l then in the indicated

expansion, with sufficient accuracy for practical purpose, it is possible

to be restricted to the first term only.

Thus, far from the cable constituents Hx’Hz on the basis of

equations (IIT.51) and (68) could be shown as:

- ‘ .(___.1_

x 107 >\ E ' (1I1.52)
B o= - 1073 4, (2, 5( V2 4]

z 1. i,f

If moduli \Hx\ H\ Hz’\ are compared, we get equation:

\_%_\,_. 2.yt

il N ‘ (111.5%)

X

-

which testifies to the fact, that modulus\Hz\ decreases with diastance T
considerably faster than \éx‘ Therefore, in amerial electric prospecting
by BDK method, when the investigation has to be carried out on as large
as possible area with one laying of cable, it would be more economical

to measure constituent Hx and not Hz'

e ?? .
(*) Integrals of type 3 cos altF(t) dt and X sin 5 tF(t) dt on
0

(Continued on bottom of the next page)
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BExperience shows, that in resolving the technical probleme in aerial
glectric prospecting, it is suffiéient to use the approximate formulas
(III.SE), which are true for the central profile with csble of infinite and
finite length /68, 216/. 1In other cases it would be more rational to use
precise formulas (III.Bl) or curves obtsined on analogue speciszlly for

problems of amerisl electric prospecting /41/.

6. The field of long-wave broasdcasting stations and radio-stations

of apecial desigznation.

Hethods of the high~frequency aerial electroprospecting (distant
zone of sub-group with harmonic field) are based, as pointed out, on
studying certain parcmeters of electromagnetic fields, in particular of the
fields of long-wave broadecasting radiﬁ-stations and of other radio-stations
within the erea of investigation map. |

In geophysical aeroelectro-prospecting by radic-comparing and control
the use is made of surface radio—wa%es, propagating above .the ground
surfeceszand partially enveloping it due to diffrasction. 1In certain
conditions the effect of ionosphere and diffraction could be ignored,

assuming, that the atmosphere is a uniform medium, and the ground surface

(continued from the back page)

condition, that function F(t) and its derivatives are converted into zero

at infinity, should be shown as (68):

[ ’ e) F(%g "‘l}
. n
S‘ cos g ,tE(t) at = (- 1) £z, ;
O n=1
oo o w0 FZ?
5 sin‘jéltF(t) it =% (- 1° 3 (znoa)a) .
~1
Q n=0



flat. This permiis to assume, that the propagation of radio-waves
depends only on electricel properties of rocks composing section of
earth crust, chosen for the geophysical investigations.

Long radio-waves {in esir Ag 5> 3000 w), applied in radio control
method, ere characterisecd by comparatively iow ebsorption in the earth.
Horeover, due to refraction they are capable of easily enveloping the
earth surface. Starting from e distance of 60-200 lm from the source,
radio~waves are to a certein extent affected by space-wave, reflected from
the layer of ionosphere, the altitude of which in day-time is 70 km,
and at night - 85-G0 im. At minor distances the surfece wave is
predominant., This peruwits to calculate the field's intensity from formulas
of ideal radio-channel.

The space-wave affects the field's intensity at the point of reception,
which results in errors of non-geolog;cal origin. Usually at night the
intensity of the field is higher than during the day. Hoﬁever, according
to numerous data, the field is more stable during the morning and
partislly during the daylight hours, i.e., at the usuaul time of
implementing aserogeophysical investigations, at 150-200 km from the source.

The superlong waves, with frequencies less than 25 keps with
propagation at considerable distances are well reflected from the lower
ionized layers both at sight and during the day. Due to this and minor
damping with reflection from the earth this type of waves propegate to
greater distances in the unique wave guide, formed by earth surface and
ionosphere.' The field of superlong waves is distinct by the stability of
amplitude and phase. However, even in superlong waves their regulsar
variation is evident with changing distance and transition from day to
night. The significant positive quality of these waves is the possibility

of deeper penetrstion into sea water.



Results of investigating propagation of long and superlong-waves
are given in detail in the work /173/; the obtained data should be
estimated in aeroelectro—proépecting in distent zone.

It may be assumed, that generally the problem of inﬁestigating
propagation of radio-weves from the set properties of emitter is reduced
to the followiné: determination of the main initial parameters ~
location, thickness, actual height of antenna and emitter's wave length;
etudy of the medium's properties along the selected track - conductivity .
dielectric permesbility € , magnetic permeabilityjﬁk* and determination
at reception point of intensity vectors of electric E snd magnetic H
fields (their amplitudes, phases, orientation in space, etc.), and also
of Umov's and Pointing vector.

Yuestions regarding theory of radio-waves propagation in application to
gome problems of geophysics have been analysed by Sommerfield, Van der Pol,
V.A. Fok, L.I. kandelstamp, P.D, Fapalexi /149, 214/ and others. The more
detailed anslysis of radio-waves propagation and anomalous changes of
electromagnetic fields in appliecation to ground and aerizl electiro-
prospecting by radio-control method is given in works /201, 202/.

Let us present briefly these most significant aspects of the theory
of radio-waves propagation and characteristic features of electro-magnetic
field at point of observation.

It is well known, that for surfeace radiOmwaveé (long and medium)

field intensity of redio~station signal at any point of the wave zone,

#*1t is assumed, that within wave range, used for geophysical rurposes,

parameterset ¢ and ;Lare not dependent on the signal frequency.



situated within r kilometers from {rznsmitter with P kileowatt power, may

be shown by Shuleikin - Van der Fol formula /72/:

B = —2R W ED oy vy, (I1I.54)

c
where D - directive gain of antenna; ¥V - dimensionless multiplier